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Abstract
Lithium-ion batteries, as dominant power sources for prevailing consumer electronics and
electric vehicles, have been plagued by limited lithium resources with the soaring prices.
Sodium-ion batteries, benefitted from ubiquitous and inexpensive sodium resources without
toxicity and pollution, have emerged as promising alternatives for large-scale applications.
Considering their kinetic challenges and disadvantageous energy densities, it is urgently
necessary to pursue high-performance electrode materials to remedy these intrinsic defects.
For anode materials, the primary choices of sodium metal and graphite are correspondingly
denied for safety issues and intercalation incapability. Therefore, the objective for this
doctoral work is to develop high-performance anode materials with large reversible
capacities, long cycle life, high rate capabilities, and environmental friendliness. Carbon
anode materials with the high electrochemical durability and physical/chemical stability have
been chosen as objects in the first part. Additionally, phosphorus anode materials with a
highest theoretical specific capacity and a desirable operating voltage range have been
selected as objects in the second part.
Firstly, carbon-based materials with optimized porosities and functionalities have been
introduced into an ether-based electrolyte. A novel synergistic mechanism, incorporating the
sodium ion insertion into disordered structure with the solvated sodium ions co-intercalation
into graphitic structure, has been utilized to boost the sodium storage capabilities of porous
carbon blacks. Simultaneously, the controlled emergences of a robust SEI thin film in etherbased electrolyte could maintain the fragile porous structure and further facilitate the sodium
ions/solvated sodium ion compounds migrations. Furthermore, the desirable microporosity
and the oxygenated functionalities could provide more active sites for sodium storage.
Secondly, the effects of storage conditions and binders on electrochemical performances of
P/C electrodes have been investigated. Initially, the formation and accumulation of phosphate
compounds was identified for P/C electrodes. Even though the cycle stability of an aged
electrode would be improved by an oxidation layer toward the smaller volume changes, the
formation of these insulating compounds would sacrifice the reversible capacity and rate
capability. Surprisingly, the utilization of different binders would determine the oxidation

degrees of P/C electrodes. Their electrochemical properties have positive relationship with
oxidation of active phosphorus for electrodes using different binders.
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Chapter 1

1

Introductions

The ever-increasing CO2 emissions through the rapid consumption of fossil fuels, have
severely posed environmental challenges concerning global warming and energy
sustainability. The depletion of unrecoverable fossil fuels with limited resources and
soaring prices, would threaten the energy safety for the modern society with an enormous
population. As the sustainable energy sources including wind, solar, tidal, biomass, and
geothermal have been exploited in recent decades, the efficient energy storage has
dominated the research in renewable energy science.[1] Importantly, the electrochemical
energy storage systems have been utilized to directly convert electric energy to chemical
energy and then release it in a reverse reaction.[2, 3]

Figure 1.1 The technical development of batteries in recent centuries[4].
The most promising electrochemical energy storage systems are supercapacitors and
batteries. Even though the history of primary batteries was originated from the inventions
of the Voltaic Pile in 1800, the Daniell Cell in 1820 and the Porous Port Cell in 1838, the
rechargeable batteries were orderly realized in the Lead-Acid Battery at 1859, the
Carbon-Zinc Battery in 1866, the Nickel-Cadmium Battery in 1899, and the Nickel-Iron
battery in 1903.[4] In 1967, the sodium-sulfur batteries, based on the liquid sodium and
the sulfur above 350 °C with a solid state electrolyte of β-alumina, have been designed by
Kummer and Webber from the Ford motor corporation.[5] The limited electrochemical
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properties for these systems have driven the researchers to develop high-performance
electrochemical energy storage systems.[6]
Lithium metal with a lightest weight (equivalent weight of 46.94 g mol-1, and specific
gravity of 40.53 g cm-3), a high electropositivity (-3.04 V versus standard hydrogen
electrode), and a large specific capacity (3850 mAh g-1) have been applied in primary
batteries. Critically, the electrochemical intercalation of lithium ions in cathode materials
was identified by Whittingham in 1972.[7] TiS2 with a layered structure was firstly
examined as a positive material for lithium-ion batteries(LIBs) by Exxon company.[8] In
1980, Goodenough unveiled the families of lithium transition metal oxides (LiMxO2,
M=Co, Ni or Mn) as layer-structured cathode materials with high working potentials and
energy densities.[9, 10] Unfortunately, the unavoidable growth of lithium dendrite upon
cycling would generate safety issues regarding internal short circuits in batteries.
Benefitted from the initial attempt of lithium intercalation in graphite by Besenhard and
Eichinger in 1976[11, 12], Yazami discovered the graphite anode with a stable layered
structure in 1983.[13] According to previous studies on electrodes for lithium
intercalation chemistry, the Sony corporation in 1991 commercialized the LIBs by
coupling a highly reversible LiCoO2 cathode with a graphite anode in the non-aqueous
liquid electrolyte.[14] Interestingly, the prevalent LIBs in markets are still taking
advantages of a well-established LiCoO2/graphite system. Figure 1.1 summarizes the
developments of batteries over centuries.
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1.1 Lithium-ion Batteries

Figure 1.2 (a) Schematic diagram[15] and (b) theoretical open-circuit energy
configuration[16] for LIBs. Lithium ions would move from lithium transition metal
oxides with layered-structures as cathode, and then intercalate into layers of graphite
anode to form lithium graphite intercalation compounds during the charging process. The
migrations of lithium ions are reversible in discharging process. ΦA and ΦC represent the
working functions of anode and cathode, respectively. The thermodynamically stable
energy window for electrolyte is Eg, while µC<HOMO and/or µA>LUMO would induce
the formation of SEI.
Generally, the commercial LIBs consisted of lithium transition metal oxide as a cathode,
graphite as an anode, and a polymer separator in the liquid electrolyte using lithium salt
in the organic solvent. As shown in Figure 1.2 (a), lithium ions would migrate from the
layered-structures of cathode material, and then intercalate into graphitic layers of anode
material during the first charging process, due to the electric field of electricity in
external circuit.[15] Subsequently, lithium ions would automatically move from layers of
anode material, and gradually intercalate into crystal structures of cathode material,
owing to the electric field by potential difference. In Figure 1.2 (b), the cathode and
anode are supposed to be oxidant and reductant in pristine states.[16] The
thermodynamically stable energy window of Eg is resulted from the difference between
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the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) for electrolyte. The electrochemical potential of µA above HOMO would
lead to the oxidation of electrolyte and the formation of a passivation film, which would
inhibit the electron transitions from electrolyte HOMO to cathode. Simultaneously, the
electrochemical potential of µC below LUMO also results in the reduction of electrolyte
and generation of a barrier interphase, which could block the electron transitions from
anode to electrolyte LUMO. The thermodynamic stability of a battery is highly
dependent on the relationship between electrochemical potentials of electrodes and
operating window of electrolyte. Namely, the energy difference between electrochemical
potentials of cathode and anode, should be lower than the energy separation between
HOMO and LUMO for electrolyte to enable the batteries. The emergence of solid
electrolyte interphase (SEI) on the surfaces of cathode and anode after the decomposition
of electrolyte would also play a vital role in stabilizing the structures of electrodes upon
cycling.

Figure 1.3 Various range of working potentials and specific capacities for common
(a) cathode and (b) anode materials in LIBs.[17] The representations of different
cathodes were LCO for lithium cobalt oxide, LMO for lithium manganese oxide, LFP for
lithium iron phosphate, LCP for lithium cobalt phosphate, NCM for lithium nickel cobalt
manganese oxide, NCA for lithium nickel cobalt aluminum oxide, LTS for lithium
titanium sulfide and LFSF for lithium iron fluorosulfate.
Figure 1.3 further compares the operating potentials and specific capacities of common
cathode and anode materials for LIBs.[17] On the one hand, the corresponding electrolyte
with a suitable voltage window could be selected based on the electrochemical
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parameters of different electrodes. On the other hand, the specific energy density of the
battery would be determined by the working potentials and the specific capacities of
electrodes. It is promising to combine cathode materials possessing higher discharging
potentials and larger reversible capacities with anode materials having lower charging
potentials and huger specific capacities toward batteries with outstanding energy
densities. Although the LiCoO2/graphite system still occupies the major market of LIBs
for portable electronics, the lithium iron phosphate with a low cost and a high safety, the
composite oxides with high energy densities, and silicon anode with a large specific
capacity, have been gradually stepped into the markets for electric vehicles(EVs).
Practically, the LIBs technologies have given rise to the innovation of portable
electronics, due to their lighter weights and higher structural flexibilities, negligible selfdischarging and memory behaviors, superior energy densities, and cycle capabilities.[18]
The commercialization of Tesla motors has propelled LIBs to power the EVs, which may
be the terminator for chronic concerns on the potential depletion of fossil fuels and
notorious environment pollutions from combustion engine-based vehicles. The highly
efficient batteries would not only store the inherently fluctuating and intermittent
renewable energy, but also distribute the convenient electricity to remote areas, and
further release the energy as intermediate supplements to grid in full load and off-peak
utilizations(EV charging).[19] However, the anticipation on versatile applications for
LIBs, ranging from ever-growing consumer electronics to large-scale grid energy storage,
consequently induced the soaring prices of raw materials, ignoring the geological and
political limitations on most lithium resources located in remoted regions, especially
when we adopt large-scale applications of LIBs in EVs.[15, 20] To find alternatives
meeting the requirements of cost, safety, environmentally friendliness, recyclability,
energy density, rate capability, and manufacturability, several appealing energy storage
systems, such as lithium sulfur (Li-S) batteries, lithium oxygen (Li-O2) batteries, and
sodium ion batteries (SIBs), appear frequently in the vision of next-generation energy
storage systems.[21] Importantly, the natural revisits for sodium chemistry rapidly
reignite our strong research interests for room-temperature SIBs.
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1.2 Sodium-ion Batteries

Figure 1.4 Elemental abundance in earth crust.[22]
Even though the sodium intercalation chemistry was discovered at the same time as the
invention of LIBs in 1980s, the developments of SIBs have been postponed by the rapid
commercialization of LIBs and the exponential growth of portable electronics in
1990s.[23] In recent decade, the traditional SIBs, based on the shuttling of sodium ions
between layer-structured electrodes, have been revisited for several merits. The primary
advantage of SIBs should be the natural abundance of sodium element in comparison
with the limited distribution of lithium element, as shown in Figure 1.4.[22] Meanwhile,
sodium element has many similar physicochemical properties to lithium element in same
group of the periodic table. Finally, the immediate transplantation of well-established
technologies in LIBs could prompt the SIBs to be the most promising low-cost systems
for grid-scale energy storage.[22-26]
Table 1.1 Comparison for properties between lithium (Li) and sodium (Na).[22-28]
Properties

lithium(Li)

sodium(Na)

Distribution

70% in South America

Everywhere
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Cost(carbonate)

~$5000 ton-1

~$150 ton -1

Crust abundance

20 mg kg-1

(2.36~2.84) × 104 mg kg-1

Seawater abundance

0.18 mg l-1

1.1 × 104 mg l-1

Voltage vs S. H. E.

-3.04 V

-2.7 V

Ionic radius

0.69 Å

0.98 Å

Specific capacity

3829 mAh g-1

1165 mAh g-1

Melting point

180.5 °C

97.7 °C

Molar mass

6.9 g mol-1

23 g mol-1

Density

0.53 g cm-3

0.9 g cm-3

Table 1.1 further studies the fundamental properties of lithium (Li) and sodium (Na).
Considering the natural abundance and non-toxicity of sodium sources, the cost of SIBs
can be remarkably reduced. Importantly, the similar working mechanisms, synthesis
routes, and characterization methods of electrode materials towards its lithium
counterparts, make SIBs acceptable as the most desirable inexpensive energy storage
systems. Although the larger atomic size of sodium ion demands suitable hosts with more
active sodium storage sites which have to overcome inherent thermodynamic/kinetic
difficulties, the theoretically weak solvation energy in polar solvents, the consequently
low energy for desolvation energy, and the comparatively high ionic conductivity for Na+
based electrolyte, enable the developments of high-power energy storage systems which
may surpass the conventional LIBs.[22, 26] Meanwhile, the intrinsic limitation of energy
density due to a higher equivalent weight of sodium and a more positive redox potential,
determine its future applications, mainly focusing on the rapid storage of fluctuating
renewable energy, such as solar energy and wind energy.[24]
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Figure 1.5 Operating mechanism of sodium ion batteries and its potential
applications.
As illustrated in Figure 1.5, a typical sodium-ion battery generally is assembled by a
cathode of layer-structured oxides, an anode of disordered carbon materials and a
polymer separator with addition of the non-aqueous electrolyte. The reversible shuttling
processes of sodium ions upon charging/discharging between cathode and anode,
generate the rapid flows of electrons and currents. As SIBs would encounter with
intrinsic thermodynamic/kinetic challenges and limited electrochemical performances[22,
26, 29], the elemental choice and the architectural design for electrodes are crucial for
developing viable SIBs for practical applications.
The gravimetric energy densities of different cathode and anode materials are further
plotted in Figure 1.6.[22] Intriguingly, several composite oxides and polyanionic
compounds as cathode materials, coupled with hard carbon anode, could deliver higher
energy densities than a commercial LiMn2O4/graphite system. Moreover, the energy
densities for several alloy-type anodes, including tin-based and phosphorus-based
materials, greatly surpass 350 Wh Kg-1, confirming the electrochemical advantages of
multi-electron alloying reactions for anode materials. The electrochemical combination of
high-capacity cathodes with phosphorus-based anodes would further promote the energy
densities of SIBs.
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Figure 1.6 The energy density (Wh Kg-1) versus average voltage (V) and specific
capacity (mAh g-1) for common (a) cathode and (b) anode materials in SIBs.[22]
Energy density of cathode materials in SIBs was calculated with the hard carbon anode
having a reversible capacity of 300 mAh g−1 and an average potential of 0.3 V. In
Figure1.6 (b), the black circles represented carbonaceous materials, the red circles
represented oxides and phosphates as sodium insertion materials, the blue circles
represented alloy materials, the green circles represented phosphide/phosphorus, and gray
circles represented oxides and sulfides with conversion reaction.

1.3 Dissertation Objective
The sustainable development in the modern society, has confronted with a long-term
challenge in the energy structure, involving the overdependence on nonrenewable fossil
fuels and the environmental crisis on ever-increasing CO2 emissions. Lithium-ion
batteries (LIBs), as the dominant energy storage systems for prevailing consumer
electronics (cellphone, laptop, etc.) and futuristic electric vehicles (Tesla motors, etc.),
have been suggested as bridges to facilitate the utilizations of renewable energy (solar,
wind, hydro, etc.) through large-scale grid applications. Simultaneously, the research of
LIBs, ranging from electrode materials fabrication to practical commercialization, has
occupied the study majority of the power sources.[1-3] Sodium-ion batteries (SIBs),
similar to lithium counterparts in reaction mechanisms, have been back to the sights of
chemists and materials scientists in recent decades. The renaissance of SIBs should be
attributed to various reasons: 1) The sodium resources are naturally abundant, low-cost
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and non-toxic, but most lithium resources are distributed in geographically remote areas
with limited reserves and soaring prices; 2) Because the SIBs have analogous
electrochemical intercalation/alloying/conversion reaction mechanisms to lithium
counterparts, the well-established LIBs technologies can be immediately transplanted to
SIBs; 3) The unprecedent progress for LIBs in research and commercialization stimulates
the scientists to study a promising topic with a relatively low attention.[22-28]
However, the prospective of SIBs has been questioned by a kinetic challenge resulted
from a larger Na ionic size and an intrinsically low energy density originated from a more
positive redox potential and a higher equivalent weight for sodium toward these
parameters in lithium counterparts. In terms of anode materials for SIBs, the choice of
sodium metal is denied for critical safety issues, such as a low melting point (97.7 °C)
and the unavoidable dendrite growths upon repeated striping/plating processes as well as
its severe reactions with electrolytes. At the same time, the sodium ions cannot intercalate
into a commercial graphite anode without a thermodynamically favorable energetic
driving force, and the weak interaction between inserted sodium ions and graphene layers
further lead to the instability of graphite intercalation compounds (GICs).[30-33] Most
researchers have been devoted to developing disordered carbon materials, such as hard
carbon materials with increased interlayer distances and more active sodium ion storage
sites. Additionally, the well-known nanotechnologies in LIBs are integrated into SIBs to
fabricate nanostructured materials, including hollow materials[34, 35], 1D (onedimensional) carbon nanofibers[36-40]/microtubes[41], 2D (two-dimensional)
graphene[42-44]/carbon nanosheets[45], to 3D (three-dimensional) carbon
frameworks[46-48] and hard carbon matrix[49]. At the same time, heteroatom doping,
including nitrogen doping[50-56], sulfur doping[45, 57-59], fluorine doping[60],
hydrogen-doping[61], and POx doping[62], is employed to generate more active sites for
sodium storage in carbon materials.
Phosphorus, as one of the most abundant elements in earth crust, has been regarded as a
promising anode material for SIBs, due to a highest theoretical capacity of 2596 mAh g-1
and a desirable operating voltage plateau (0.1~0.6 V). But the huge volume
expansion/shrinkage (~292%) during the phosphorus sodiation/desodiation would trigger
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structure collapse and electrode pulverization for the rapid capacity degradation.
Furthermore, the poor electronic/ionic conductivity would deteriorate the rate capability
of phosphorus anode materials. In order to address the challenges in structural stability
and conductivity, phosphorus materials have been mechanically mixed with highly
conductive materials, including flexible carbon materials (carbon black[63-66], carbon
nanotubes[67], graphene[68-71], 3D carbon[72], composite[73]), electrochemically
active materials active metals (Sn4P3[74-78] ,SnP3[79],Se4P4[80] and GeP5[81]), and
electrochemically inactive metals (FeP[82], CuP2[83], Ni2P[84],red P@Ni-P[85], P-TiP2C[86]). At the same time, the phosphorus vapors at a certain temperature have been
condensed into the highly porous and conductive frameworks, including porous
carbon[87, 88], carbon nanofibers[89, 90], carbon nanotubes[91], mesoporous
carbon[92], MOF-derived microporous carbon[93], graphene paper[94] and aerogel[95].
In addition, the iodine-doped phosphorus nanoparticles[96] and hollow phosphorus
nanospheres[97] have been synthesized with assistance of nanotechnologies.
In this doctoral dissertation, the primary objective is to develop the high-performance
anode materials with large reversible capacities, long cycle life, high rate capabilities and
environmental friendliness. Based on the proven nanotechnologies, the carbonaceous
anode material is selected as the first topic for their low cost and high electrochemical
durability. Benefitted from a highest specific theoretical capacity and a desirable
operating voltage plateau, the phosphorus anode material is considered as the second
topic. In the first part, carbon nanomaterials, accompanying with the ideal porosity and
functionality in the mixture of crystalline and amorphous structures, have been
introduced into an ether-based electrolyte for SIBs. In the second part, phosphorus
nanomaterials associated with the conductive carbon materials, have been
electrochemically examined with different air aging times and various polymer binders
for SIBs. Benefitted from the synergistic strategies between the functionalized porous
structures and solvent co-intercalation or highly conductive structures and optimized
electrode fabrications, the electrochemical performances of carbon-based or phosphorusbased materials are greatly improved, respectively. Moreover, X-ray diffraction (XRD),
Raman spectroscopy, Fourier transform infrared spectroscopy (FT-IR) and N2
adsorption/desorption isotherm are employed to understand the basic properties of
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electrode materials. Additionally, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) are utilized to observe the morphologies and structures of
electrode materials. Finally, the synchrotron-based X-ray absorption spectroscopy (XAS)
and X-ray photoemission spectroscopy (XPS) are applied to study the fine structures of
pristine materials and phase evolutions at different situations.

1.4 Dissertation Outline
The framework of this doctoral work is concisely generalized as follows.
Chapter 1 briefly introduces the developing histories, basic concepts, reaction
mechanisms, and electrochemical performances of LIBs and SIBs. The fundamental
properties are compared between lithium and sodium.
Chapter 2 initially defines the electrochemical evaluation criterion of electrode materials,
and then specifically reviews the research backgrounds of anode materials and
electrolytes for SIBs.
Chapter 3 concretely describes the operating mechanisms and instrumental configurations
of various characterization methods, including electrochemical impedance spectroscopy
(EIS), X-ray powder diffraction (XRD), infrared spectroscopy (IR), Raman spectroscopy,
transmission electron microscopy (TEM), scanning electron microscopy (SEM), and
synchrotron-based X-ray techniques.
Chapter 4 presents a full utilization of a commercial N330 carbon black in ether-based
electrolyte. Based on the electrochemical combinations of both the regular Na ion storage
in disorder carbon layer and the solvent co-intercalation mechanism in graphitized layer,
the commercial N330 carbon black delivered a high initial reversible capacity of 234
mAh g-1 at 50 mA g-1 and an ultralong rate cycle capability of 72 mAh g-1 at 3200 mA g-1
over 2000 cycles. To understand the improved electrochemical properties, the surfacesensitive C K-edge X-ray absorption spectroscopy (XAS) is employed to identify the
formation and evolution of a SEI phase.
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Chapter 5 investigates the physical/chemical and electrochemical properties of porous
carbon blacks synthesized by a NH3 thermal etching route. The tailored porosities with
different crystalline/disordered components in carbon blacks determine their
electrochemical performances in ether-based electrolyte, according to a synergistic
sodium storage mechanism combining sodium ion insertion into disordered structure with
solvated sodium ion intercalation into graphitic phase. Specifically, the CBN35 carbon
black displayed a large specific charge capacity of 352 mAh g-1 at 50 mA g-1, a superior
rate capability of 125 mAh g-1 at 3200 mA g-1, an outstanding rate cycle ability of 103
mAh g-1 at 1600 mA g-1 over 3200 cycles. The C K-edge XAS with assistance of
physicochemical characterization methods is applied to observe the controlling formation
and phase evolution of SEI films.
Chapter 6 develops a facile CO2 thermal etching process to functionalize the porous
carbon blacks. Benefitted from more active sodium ion storage sites on surface with
oxygenated functionalities and abundant ionic/electronic paths in the microstructure, a
functionalized porous carbon demonstrated a very large reversible capacity of 505 mAh
g-1 at 50 mA g-1, an outstanding rate capability of 505 mAh g-1 at 50 mA g-1 and a
remarkable rate cycle stability of 176 mAh g-1 at 3200 mA g-1 over 1000 cycles. While
the oxygen-containing functionalities can be visualized by high resolution TEM, the
generation and evolution of SEI layers can also observed by C K-edge XAS and
electrochemical techniques.
Chapter 7 uncovers the surface oxidation of phosphorus anodes in the ambient condition
and further establishes a relationship between an oxidized phosphorus anode and a certain
electrochemical performance. In views of synchrotron-based XPS and XAS with
gradually changed photon energies, the amount of phosphate compounds on surface
would accumulate with the increase of air aging days for phosphorus electrodes. Namely,
the loss of active phosphorus materials in a P/C composite would lead to the decreases of
the reversible capacities and the volumetric changes during the cycling. Even though the
cycle stability can be improved due to the weaker volume variations upon cycling and the
formation/accumulation of insulating phosphate layers, the emergence of the insulating
phosphate layers would sacrifice the superior electrochemical advantages of phosphorus
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anodes. Consequently, it is necessary to isolate the air from phosphorus-based electrodes
by a rational coating or an ideal storage condition. Additionally, the electrode surface
would severely react with the electrolyte without addition of fluorinated ethylene
carbonate (FEC). Critically, the fresh P/C electrode would present a highly stable
charging capacity of 1070 mAh g-1 at 400 mA g-1 after 200 cycles and an excellent rate
capability of 479 mAh g-1 at 3200 mA g-1.
Chapter 8 explores the effects of a conventional poly(vinylidene difluoride) (PVDF) and
various aqueous binders on the phase evolutions and electrochemical performances of the
P/C composites during the electrode fabrication. Generally, the aqueous binders,
especially sodium alginate (SA), sodium carboxymethyl cellulose (CMC), and
poly(acrylic acid) (PAA), could enable the P/C composites to deliver higher reversible
capacities and more stable cycle stabilities that that of electrodes using other binders.
Particularly, the P/C composite utilizing a SA binder, could demonstrate a highly
reversible capacity of 1064 mAh g-1 with a 90.1% capacity retention at 800 mA g-1 over
200 cycles, and an exceptional rate capability of 401 mAh g-1 at 8000 mA g-1. In addition
to the traditional viewpoint regarding the different capabilities of binders in maintaining
the structural stability of P/C electrodes, the increase of surface oxidation degree and the
decrease of active phosphorus materials were orderly found for electrodes using binders
from SA, PAA, CMC to polyvinylpyrrolidone (PVP), polyethylene glycol (PEG),
chitosan (CHI) and PVDF. These findings would provide a new explanation on the
different electrochemical properties of electrodes using various binders. Finally, the
sodium storage mechanisms of P/C electrodes using different binders were firstly studied
by ex-situ P K-edge XAS.
Chapter 9 summarizes the entire works of this doctoral dissertation and further discusses
the outlooks of anode materials for SIBs.
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Chapter 2

2

Research Backgrounds

2.1 Anode Materials for Sodium-ion Batteries

Figure 2.1 Comparison of different reaction mechanisms, structural changes and
electrochemical properties in different anode materials for SIBs.
In terms of anode materials for SIBs, sodium (Na) metal is not an ideal choice, because of
its safety concerns regarding a high chemical reactivity, a low meting point (97.7 °C), a
relatively low specific capacity(1166 mAh g-1), and an inevitable growth of sodium
dendrites which may cause short-circuits during the cycling.[1] Hence, various types of
anode materials have been proposed to replace the sodium (Na) metal to ameliorate the
electrochemical performances of SIBs. According to a classic theory involving the
reaction mechanisms of electrodes for LIBs[2], the anode materials for SIBs can be
divided into three types, including insertion-type, alloy-type, and conversion-type anode
materials. For insertion-type materials, sodium ions can reversibly insert into the
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vacancies or defects of crystalline or amorphous materials upon cycling. Simultaneously,
sodium ions can gradually react with or break away from different metals in formation or
decomposition of sodium alloy compounds during the sodiation and desodiation
processes, respectively. At the same time, the conversion-type materials, such as oxides,
sulfides, fluorides, etc., would proceed through a unique conversion reaction with the
reversible generations of transitional metals and sodium compounds in electrochemical
processes.
As shown in Figure 2.1, the basic reaction mechanisms and structural evolutions as well
as electrochemical characteristics for different anode materials are compared. Insertiontype anode materials often possess high cycle abilities and acceptable rate capabilities,
accompanied by low specific capacities due to the single-electron transfers in
electrochemical reactions. Although the insertion-type materials have been the most
stable anodes, the poor electrochemical performances limit their practical applications for
SIBs. In contrast, alloy-type and conversion-type anode materials usually demonstrate
higher reversible capacities and larger energy densities for multi-electron reactions, but
still suffer from the fast capacity degradations and the severe voltage hysteresis, because
of the notoriously huge volume changes and severe structure instabilities upon cycling.
As the carbon-based and phosphorus-based anode materials are the topics of this doctoral
work, the electrochemical evaluation criteria and the research backgrounds for these
electrodes need to be reviewed.

2.1.1 Electrochemical evaluation criteria
A sodium-ion battery, consisting of a cathode and an anode with separators in an
electrolyte, can be charged and discharged with the flows of electric currents. Generally,
the basic properties of electrode materials would determine the electrochemical
performances of SIBs. To evaluate the performances of electrode materials and
understand the fundamental reaction mechanisms, it is necessary to define the key
parameters in electrochemical testing criteria.
2.1.1.1 Voltage
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Normally, a theoretical standard potential (Ets) in a cell is the difference between the
standard electrode potentials of a cathode and an anode. Alternately, the Ets also reflects
the difference between the standard Gibbs free energies of reactants and products.
°
°
°
𝐸𝑡𝑠
= 𝐸𝐶𝑎𝑡ℎ𝑜𝑑𝑒
− 𝐸𝐴𝑛𝑜𝑑𝑒

(2-1)

°
°
°
∆𝐺𝑓° = ∑ 𝐺𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠
− ∑ 𝐺𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
= −𝑛𝐹𝐸𝑡𝑠

(2-2)

The n and F in these equations are the stoichiometric number of electrons in
electrochemical reactions and Faraday’s constant, respectively. Consequently, the
theoretical standard potential of a cell can be calculated based on the difference of the
standard Gibbs free energies for reactants and products.[3-6]
However, the practical condition always deviates from the standard condition, bringing in
a new parameter of voltage. The open circuit voltage (Voc), which can be directly
measured by a digital multimeter, is the actual electrical potential difference between a
cathode and an anode in a battery without any electric current flow.
When an electric current is flowing through a battery during the discharging or charging
process, the Voc will change into the working voltage (Vw), which is the operating
electrical potential difference between a cathode and an anode in a working battery. After
coupling a cathode and an anode in a battery, the operating voltages should be higher for
a discharged cathode and lower for a charged anode, in order to achieve a battery with a
broader electrochemical window and a higher energy density.[3-7]
𝑉𝑤 = 𝑉𝑜𝑐 − 𝐼𝑅

(2-3)

I is the electric current in the circuit and the R is the internal resistance for the battery.
2.1.1.2 Capacity
The theoretical capacity should be the total value of the electricity (A) engaged in
electrochemical reactions, corresponding to the weight (g), the volume (L or cm3), or the
surface area (cm2) of active materials. Additionally, the capacity (Q) can be divided into
the specific capacity (mAh g-1), the volumetric capacity (Ah L-1 or mAh cm-3), and the
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area capacity (mAh cm-2) for different battery applications. The specific capacity is the
most common parameter in an electrochemical evaluation of a battery. To be honest, only
a small portion of the theoretical specific capacity can be achieved in a practical battery.
Because the major battery components, including separators, an electrolyte, current
collectors, and electrode components such as binders, conductive agents, would increase
the weight of a battery, but only the mass of active materials contributes to the theoretical
specific capacity. Furthermore, the high current density would further deteriorate the
electrochemical performances of electrode materials, due to the poor ionic diffusion rate
in electrode materials. Last but not least, the specific capacity should be maintained with
a high mass loading of active materials.[3-7]
The theoretical specific capacity (Qts) can be calculated by the basic properties of active
materials.
𝑄𝑡𝑠 =

1000×𝐹×𝑛
𝑀×3600

= 26.8 ×

1000×𝑛
𝑀

(2-4)

Where F is the Faraday constant (96485 C mol-1), n is the number of electrons (mole)
involved in the redox reactions, and M is the molecular weight of active materials (g mol1

).

Furthermore, the discharging and charging processes would generate the specific
discharging capacity (Qd) and charging capacity (Qc), corresponding to the amounts of
electrons transferred in different processes.
𝑡2

𝑄𝑑 (𝑄𝑐 ) =

∫𝑡1 𝐼(𝑡)
𝑚

(2-5)

I(t) is the current, t is the discharging or charging time and m is the weight of active
materials.
2.1.1.3 Reversibility and Cyclability
Both the irreversible capacity (Qir) and the columbic efficiency (CE) are employed to
study the reversibility, while the capacity retention and the rate capability are utilized to
examine the cyclability for electrode materials.
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On the one hand, the charging capacity (Qc) is normally larger than the discharging
capacity (Qd) for cathode materials. On the other hand, the changing capacity (Qc) is
generally smaller than the discharging capacity (Qd) for anode materials. The irreversible
capacity is the positive difference value between the charging and discharging capacities.
Cathode
Anode

𝑄𝑖𝑟 = 𝑄𝑐 − 𝑄𝑑
𝑄𝑖𝑟 = 𝑄𝑑 − 𝑄𝑐

(2-6)
(2-7)

In a rechargeable battery, the columbic efficiency (CE) is the ratio of an outgoing
capacity (energy) to an incoming capacity (energy). Specifically, the columbic efficiency
is a ratio of a discharging capacity (Qd) to a charging capacity (Qc) for cathode materials,
or a ratio of a charging capacity (Qc) to a discharging capacity (Qd) for anode materials.
𝑄𝑑

Cathode

𝐶𝐸 =

Anode

𝐶𝐸 = 𝑄 𝑐

𝑄𝑐
𝑄

𝑑

(2-8)

(2-9)

The capacity retention (CT), as a ratio of a later capacity (Qm) to an initial one (Qn), also
reflects the loss of capacity along with the cycling. It is desirable to have an electrode
material with a large reversible capacity and a high capacity retention for the long
cycling.
𝐶𝑇 =

𝑄𝑚 −𝑄𝑛
𝑚−𝑛

(2-10)

The rate capability is an important measurement used to evaluate the electrochemical
properties of electrode materials discharged/charged at various current densities. A 1C
rate charging means a battery can be fully charged in 1 hour, while 5C rate discharging
represents a battery will be completely discharged in 0.2 hour. For a low current density,
the transfer speed of ions in solid-state diffusion is comparable to that of electrons on
current collectors. For a high current density, the ionic diffusion in solid phase may not
match the rapid electron transport, leading to a partial utilization of active sites for ion
storage and a decrease of reversible capacities. Additionally, the charge-transfer
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resistance, derived from the electrochemical impedance spectroscopy (EIS), can be
employed to describe the speed of a kinetically-controlled electrochemical reactions. If
this resistance is small, the electrochemical reactions can proceed at the faster rates.[3-7]
2.1.1.4 Specific energy and power density
The specific energy density, W, is a straightforward parameter to identify the energy
storing capability (Wh) of electrode materials with respect to the units of weight (g) or
volume (L). To balance the performances of specific capacity and energy density, the
mass loading of active materials should be optimized for practical applications.[3-7]
𝑊𝑤𝑒𝑖𝑔ℎ𝑡 = 𝐸 × 𝑄
𝑊𝑣𝑜𝑙𝑢𝑚𝑒 =

𝐸×𝑄×𝑚
𝑉

(2-11)
(2-12)

E, Q, m and V are the voltage (V), the specific capacity (mAh g-1), the weight (g) and the
volume (L) for a battery.
The specific power density as P, is applied to describe the change in state of electrode
material through the conversion, which reflects the rate of energy transfer. t is the
reaction time.
𝑃=

2.1.2 Carbon-based materials
2.1.2.1 Reaction mechanisms

𝑊
𝑡

(2-13)
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Figure 2.2 Electrochemical profiles for (a) lithium and (b) sodium ions insertion into
Fluka graphite.[8]
At the beginning stage, the commercially utilized graphite, having a stable layer structure
for Li+ intercalation/extraction and a theoretically low redox potential, was tentatively
studied as a storage host for Na+. However, the incapability of graphite to reversibly
insert/extract sodium ions denied this possibility, as justified in many early attempts.[9,
10] In Figure 2.2, a highly reversible specific capacity corresponding to 1 Li+ per 6 C can
be observed in discharging/charging curves, while Na+ hardly intercalated into layered
structure of graphite. The negligible reversible capacity for graphite in SIBs should be
mainly resulted from the insertion/extraction of sodium ions for conductive carbon blacks
in electrode.[8] Based on the theoretical calculation by DiVincenzo and Mele[11], the
weak interactions from soft Na-C bonds between the inserted sodium ions and the
graphene layers, cannot thermodynamically favor the intercalation of sodium ions into
graphite with a strong energetic driving force.
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Figure 2.3 Na storage mechanism in natural graphite through HR-TEM, FTIR, and
EIS analyses.[12] HR-TEM images of natural graphite at a) before cycling, b) after
discharge, and c) after charge with lattice distances in the samples. HR-TEM analysis
reveals that the Na storage generates disordered planes with an expanded lattice distance.
d) FTIR analysis demonstrates that Na storage occurs through solvated Na ion cointercalation. e) Schematic shows the proposed energetics of Na + -intercalated graphite
and N + -solvent co-intercalated graphite. f) EIS analysis after discharge in NaPF6 in
EC/DEC (above) and NaPF6 in DEGDME (below). g) Proposed schematic of Na storage
in natural graphite using selected electrolyte systems.
In the recent research by Adelhelm and colleagues[13], graphite, utilizing a diglymebased electrolyte, surprisingly exhibited a superior sodium storage capability of 100 mAh
g-1 at 37.2 mA g-1 and an outstanding cycle performance over 1000 cycles, because of a
solvent co-intercalation phenomenon. Initially, a stage-I ternary intercalation compound
of Na(diglyme)2C20 was suggested to be formed during the reduction of graphite and the
intercalation of solvated alkali ions (“co-intercalation”). Simultaneously, Kisuk Kang’s
group[12] further explored various ether-based electrolytes for solvent co-intercalation
phenomena and found the natural graphite exhibited a highly stable capacity up to 150
mAh g-1 over 2500 cycles and an impressive rate capability of more than 75 mAh g-1 at
10 A g-1. The authors attributed superior electrochemical performances of graphite in
ether-based electrolytes to the combination of Na+-solvent co-intercalation processes and
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partial pseudocapacitive behaviors. As reflected by HR-TEM in Figure 2.3(a-c), the
crystallinity of natural graphite changed from an orderly layered structure to a disordered
structure with increased layer distances of 0.415~0.53 nm after sodium intercalation.
During the charging process, the disordered planes restored to a well-ordered structure
with a reduced lattice fringe of 0.34 nm. The phenomenon of Na+-solvent intercalation
could also be confirmed by the appearance of vibration peaks in FT-IR for the solvated
Na+ compounds in discharged electrodes as seen in Figure 2.3(d). As Na+-intercalated
graphite is energetically unstable, the solvent-Na+ co-intercalated graphite could be
thermodynamically stable, prompting a possible sodium ion storage in graphite.
Additionally, sodium ions would stably combine with solvents in ether-based electrolytes
to form non-polar solvated Na+ species, which preferred to intercalate the hydrophobic
structures of non-polar graphite. Furthermore, the ether-based electrolyte with the
suppressed decomposition during the discharging process, can generate a negligible solid
electrolyte interphase (SEI) film on the surface of anode materials without blocking Na+solvent transfers. Moreover, the structural evolution of graphite during the solvated Na+
co-intercalation process was further studied by in operando X-ray diffraction (XRD)
analysis, electrochemical titrations, real-time optical observations, and density functional
theory (DFT) calculations.[14] Based on these creative discoveries, the concepts of
solvent co-intercalations were gradually established for sodium-ion storage in
graphite.[15-21]
Chen et al.[22] further applied linear ether-based electrolytes to enable the usage of
graphite with an unprecedent cyclability(~6000 cycles) and an ultrahigh rate
capability(~102 mAh g-1 at 10 A g-1). These examples of innovative researches exemplify
the importance of electrolytes and their designs towards high-performance anode
materials for SIBs. Similar enhanced electrochemical properties were also reported for
FeS2 in ether-based electrolytes for an intercalation reaction[23] and a conversion
reaction[24], respectively. In addition to suppress the side reactions with sodium
polysulfides, the electrochemically stable ether-based electrolytes also prevent the
repetitive formation/decomposition of SEI, and further promote the structural stability of
anode materials in the voltage range of 0.01-3.0 V (vs. Na/Na+).[13] Moreover, a recent
paper also reported a low interfacial resistance and a good capacity retention for
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CoS2/MWCNT nanocomposites in ether-based electrolytes[25], while synergistic effects
between graphene and ether-based electrolytes could further improve the electrochemical
performances of nanocrystalline anatase (TiO2)[26], tetragonal tungsten bronze
framework(KNb2O5F)[27], and urchin-like CoSe2[28]. For ZnS microspheres[29], a
reversible capacity as high as 938 mAh g-1 can be obtained at 20 mA g-1 in ether-based
electrolyte.

Figure 2.4 Typical potential vs. capacity profile for hard carbon when tested against
sodium metal counter electrodes.[30] The different steps of the mechanism are also
labeled and depicted (see text for details).
On the other hand, the inadequacy of graphite as an anode material in common
carbonate-based electrolytes for SIBs, induced a shift of research interest from graphitic
to disordered carbon materials. Doeff and colleagues[31] found that sodium ions can
reversibly insert into petroleum coke and irreversibly intercalate into Shawinigan black
with the formation of NaC24. Later, Tirado’s group[32] also studied the sodium storage
properties of mesocarbon microbeads (MCMB) synthesized via different heat treatments
for petroleum residua. Stevens and Dahn[33] pioneered the application of hard carbon as
an anode material for SIBs, and obtained a reversible specific capacity as high as 300
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mAh g-1, which is very close to the electrochemical performance of hard carbon towards
lithium. Critically, they proposed a visual carbon structure model, “House of cards”
model, in which the random stacked layers with large spacings and high porosities are
very desirable for sodium ion intercalations. This inspiring work illuminates the vitality
of large interlayer distances and porous structures for carbon materials as the effective
sodium storage hosts. Thomas and coworker[34] further examined electrochemical
intercalations of sodium ions into different types of hard carbons and deduced a reaction
mechanism, involving the initial sodium adsorptions on the single graphene layers and
subsequent insertions into the microporous spacings when discharging below 0.1 V
Na/Na+, as shown in Figure 2.4. Arguably, Xiulei Ji et al.[35] revised the classical theory
involving initial sodium intercalations for graphene sheets in turbostratic nanodomains
with the subsequent pore fillings by sodium ions in carbon structures. They proposed that
sodium storage firstly proceeds at defective sites, while major sodium intercalations and
minor sodium adsorptions on pore surfaces both contribute to the following
electrochemical reactions at a low potential. At the same time, Alberto Ramos et al.[36]
demonstrated the incapability of sodium intercalation in a single layer graphene, as a
sodiation process energetically prefers to happen on the defective sites of a carbon
structure.
Later, Tirado’s group applied several carbon materials, such as carbon black[37] and
petroleum coke-derived carbon[38] as anode materials for SIBs. The electrochemical
performances of various disordered carbon materials, obtained by the thermal treatments
of resorcinol and formaldehyde mixtures, in different electrolytes were investigated.[39]
The microspherical carbon particles exhibited a large reversible capacity of 285 mAh g−1
and insertions of sodium ions happened at the voltage of below 0.2 V. In addition, they
studied the electrochemical properties of non-graphitic carbon microbeads prepared by a
hydrothermal treatment of an aqueous glucose solution at 180 °C.[40] The highly
disordered carbon structure with a low surface area could obviously facilitate the
insertions and extractions of sodium ions, but the instability of sodium intercalated
compounds and passivating SEI films were detrimental to the electrochemical cycle
stability. Likun Pan and colleagues[41] further developed a facile microwave-assisted
method with a subsequent annealing process utilizing sucrose as a precursor to prepare
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carbon microspheres (CSs). The CSs heated at 500 °C can deliver a stable charge
capacity of 183 mA h g-1 at a current density of 30 mA g-1 after 50 cycles. A similar
microspherical carbon material with a reversible charge capacity of 90 mA h g-1 when
cycling at 150 mA g-1 are also synthesized by Johnson’s group via a thermal
decomposition of mesitylene (C9H12)[42]. Yuguo Guo’s group[43] prepared highly
disordered carbon spheres through a self-assembly and a subsequent pyrolysis of PSS–
PDDA compounds, yielding a charge capacity of 225 mAh g-1 and a 92% capacity
retention after 180 cycles when cycling at 100 mA g-1. In order to minimize the surface
area of sucrose-derived hard carbon and improve its first cycle columbic efficiency,
Xiulei Ji et al.[44] doped graphene oxide as a dehydration agent into sucrose solution and
further pyrolyzed the dehydrated samples at a high temperature under Ar. Interestingly,
graphene oxide could effectively lower the surface area of hard carbon to 5.4 m 2 g-1 with
a 95% capacity retention over 200 cycles. Carbon coating was also utilized to decrease
the surface area of hard carbon and further improve its columbic efficiency,
electrochemical reversibility at high/low temperatures.[45] After the coating, a high
reversible capacity (450 mAh g-1 at 0.1C, 75°C), an excellent rate performance (340 mAh
g-1 at 2C, 75°C), and a stable cycling performance (265 mAh g-1 at 0.1C, -15°C) could be
achieved. Pyo et al.[46] employed the decompositions of NaHCO3 at different
temperatures to tune the porosity of sucrose-based hard carbon and obtained a stable
cycle performance of 289 mAh g-1 with an 89.2% capacity retention after 100 cycles at
20 mA g-1.
At the same time, many studies have been devoted to ameliorating the contacts between
hard carbon anodes and electrolytes. Komaba and colleagues[47] explored the effects of
different solvents on the electrochemical properties of hard carbon anodes, as indicated in
Figure 2.5. Additionally, Okada’s group[48] further investigated the effects of NaPF6 and
NaClO4 in different solvents on electrochemical and thermal properties of hard carbon
anodes. Palacín’s group[49] observed a better electrochemical performance of hard
carbon anode after adding 2% fluoroethylene carbonate (FEC) into electrolyte using
EC/PC as solvents and attributed it to the formation of a more stable and ionic conductive
SEI.
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Figure 2.5 Initial current reversal chronopotentiograms (upper) and variation in
reversible capacities (lower) for hard-carbon electrodes in a) EC, b) PC, and c) BC
solution containing 1 mol dm−3 NaClO4 tested at 25 mA g−1 in beaker-type cells.[47]
In summary, the electrochemical properties for carbon-based materials have been
determined by different physical factors, including interlayer distance, porosity, surface
area, heteroatom doping, intercalation behavior, and SEI formation/decomposition in
various electrolytes.[50,51] Fundamentally, the interlayer spacings would affect the
intercalation mechanisms, accessibilities and complexities, while the structural defects
have impacts on the quantity of the active sodium ion storage sites. All methods used to
promote the effective electrochemical performances of carbonaceous anodes should be
stemmed from the increases of interlayer spacings and defective sites.
2.1.2.2 Advisable approaches
A. Nanostructure designs
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Recently, the ideas of nanostructured designs and chemical modifications have been
successfully applied for electrode materials in LIBs, and can be extended into the
fabrications of carbon-based anode materials for SIBs. The merits of nanomaterials,
including a large surface area for improved electrode/electrolyte contact, a short path for
rapid Na+ diffusion and electron transport, and a better strain accommodation for Na+
intercalation/extraction process, could greatly enable a high electrochemical stability and
a superior rate capability.[52] However, the nanostructured design could inevitably lead
to more side reactions at the electrode/electrolyte interfaces and further decrease the
volumetric energy densities due to the low density of nanomaterials[53]. Adelhelm and
colleagues[54] first employed a nanocasting method based on a template strategy to tailor
the carbon structure. The macroporous carbon materials, showed a better cycling
performance with a charge capacity of about 120 mAh g-1 after 40 cycles, while other
commercial carbons can only display a charge capacity of about 30 mAh g-1 after 20
cycles.
Maier’s group also prepared hollow carbon spheres via a template-assisting hydrothermal
synthesis and a subsequent heat treatment.[55] In the view of the authors, the superior
electrochemical performance of hollow carbon spheres can be ascribed to a wellconnected hollow structure, a thin shell thickness, high surface area, and a large interlayer
distance between graphene layers. These characteristics could not only facilitate the
electron transport and sodium ion diffusion, but also increase the sodium ion storage
capability of hollow carbon spheres, as presented in Figure 2.6. A similar nitrogen-doped
double-shelled hollow carbon material has been prepared by a chemical etching process
employing Fe3O4 as a template, but it can only retain a reversible capacity of 120 mAh
g−1 at 0.2 mA g-1 after 100 cycles.[56] Furthermore, hollow carbon nanowires with a high
reversible charge capacity of 251 mAh g−1 and 17.8% capacity fading after 400 cycles at
a current density of 50 mA g-1 were also fabricated by a thermal pyrolysis of hollow
polyaniline nanowire precursors.[57] Khalil Amine et al.[58] further compared the
electrochemical performances of different hard carbon materials synthesized from
pyrolysis of commercial polyvinylchloride (PVC) particles and PVC nanofibers. The
latter could achieve a high reversible capacity of 271 mAh g−1 with a columbic efficiency
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of 69.9%, compared with an initial charge capacity of 206 mAh g−1 with a columbic
efficiency of 60.9% for the sample from commercial PVC.

Figure 2.6 (a-b) Morphologies, (c-e) electrochemical properties and schematic
diagram of reaction mechanism for hollow carbon spheres.[55] (a) TEM image and
(b) HR-TEM image of hollow carbon nanospheres. (c) Cycle performance of hollow
carbon nanospheres. (c) Galvanostatic charge/discharge curves at a current rate of 50
mAg-1. (e) Rate performance of hollow carbon nanospheres (HCS) and carbon spheres
(CS). (f) Schemes of the electrochemical reaction process of hollow carbon nanospheres
and carbon spheres.
B. Heteroatom doping
Furthermore, several particular nanostructured carbons, including carbon nanofibers[5962] and modified derivatives[63,64], graphene[65], S-doped graphene[66], N-doped
graphene[67], N-doped CNTs[68], S-doped carbon[69,70], N/S-codoped carbon[71],
N/O-codoped carbon[72], F-doped carbon[73], and carbon nanosheets[74] have been
widely investigated as anode materials for SIBs.. Typical carbon fibers were prepared by
a facile electrospinning approach followed by a heat treatment.[62] The outstanding
electrochemical performances, including a charge capacity of 217 mA h g-1 after 50
cycles at a current density of 50 mA g-1 and a highly stable rate cycle life over 200
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cycles, can be attributed to the straight and non-aggregated fibrous structure with uniform
diameters of about 200~300 nm, a weakly ordered turbostratic structure and a large
interlayer spacing.
Yunhui Huang et al.[63] further functionalized the carbon nanofibers by heating
polypyrrole (PPy) under nitrogen atmosphere, yielding N-doped carbon nanofibers,
which can display a charge capacity of 134.2 mAh g-1 at a high current density of 200
mA g-1 after 200 cycles. The superior electrochemical properties were originated from the
abundant N-doped sites and functional groups with a strong capability of capturing
sodium ion through surface adsorption and surface redox reactions. Based on a
electrospinning method using polyamic acid (PAA) as a polymer precursor and
subsequent imidations as well as carbonization processes, a free-standing polyimide (PI)
nanofibers was formed. The multiscale nanopores in a conductive matrix with a high
nitrogen doping level, a superior structural durability and a high mechanical flexibility,
exhibited a remarkable reversible capacity of 210 mAh g-1 at 5 A g-1 over 7000 cycles
and an outstanding capacity of 154 mAh g-1 even at 15 A g-1, as displayed in Figure 2.7.
[75]
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Figure 2.7 Morphologies (a-d), structures (e-h) for PI film and N-CNF film and
electrochemical performances for N-CNF film.[75] Photographs of a) PI film and NCNF film; SEM images of b) PI, c) N-CNF (the inset pictures are corresponding highmagnification images); d) SE-SEM image of a single nanofiber in N-CNF; e) BSE-SEM
of N-CNF at low voltage mode; f) TEM image of N-CNF; g) HRTEM of N-CNF (inset is
the SAED); h) HAADF image and the elemental mapping of tip of a carbon nanofiber.
Electrochemical performance: i) cycling performance at a current density of 0.1 A g−1; j)
rate capability test; and k) ultralong cycling performance at the current density of 5 A g-1.
Shu-Lei Chou and colleagues[65] also investigated the sodium ion storage capability of a
reduced graphene oxide (rGO). This active two-dimensional (2D) structured host with a
high surface area, a superior electronic conductivity, a large interlayer distance and a
disordered nature could enable the fast insertion/extraction of sodium ions at high current
densities. Even cycled at 200 mA g-1 for 250 cycles, a stable and reversible capacity of
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93.3 mAh g-1 can be retained. At the same time, binder-free graphene films obtained from
a filtration method could further enhance a sodium ion storage and a rate cycle stability,
due to its highly porous structure and number of defects[76]. Comparatively, the S-doped
graphene could deliver a large reversible capacity of about 291 mAh g-1 at 50 mA g-1
with an outstanding rate performance of 83 mAh g-1 at 5 A g-1, benefitted from a unique
microstructure with a large interlayer distance, more Na+ diffusion pathways and more
active storage sites.[66] In addition, the 3D N-doped graphene foams obtained from
calcination of freeze-dried graphene oxide foams could exhibit an unusual initial
reversible capacity of 852.6 mAh g-1 with 69.7% capacity retention after 150 cycles at
500 mA g-1 between 0.02 and 3.0 V, which should be attributed to a high porosity, a large
surface area as well as an enlarged graphene interlayer distance with effective N-dopinginduced defects.[67] When it comes to one-dimensional (1D) structured CNTs, the
advantageous hollow structures with assistance of N-doping could provide a large
reversible capacity of 270.6 mAh g-1 at 50 mA g-1 and an enhanced rate performance with
81 mAh g-1 at 1 A g-1.[68] Additionally, nitrogen-doped carbon sheets obtained from
annealing mixture of polydopamine and graphene oxide, would present a high reversible
capacity of 382 mAh g-1 at 50 mA g-1 after 50 cycles with a superior rate performance of
75 mAh g-1 at 10 A g-1, because of the 1D structure with a larger interlayer space (0.38
nm) and a high electronic conductivity.[77]
Furthermore, hydrogen-enriched carbon nanosheets could exhibit a large reversible
capacity of 300 mAh g-1 at 50 mA g-1 with a remarkable cyclability up to 2000 cycles,
resulted from a particular hydrogen donation, an alkoxylation ability associated with
supercritical isopropanol and a high hydrogen-to-carbon ratio of 2.3.[78] In another
research, sulfur-doped mesoporous amorphous carbon, synthesized by annealing
surfactant-intercalated NiAl-layered double hydroxide precursor with a subsequent acid
leaching, could deliver an initial reversible capacity of 313 mAh g-1 and retain 70.3%
capacity after 50 cycles at 20 mA g-1. The improved electrochemical performance should
be attributed to an enhanced electronic conductivity by sulfur doping as well as an
enhanced sodium ion intercalation capability caused by a large surface area and a broad
mesoporous size distribution.[69] A sulfur-doped disordered carbon was fabricated by a
facile thermal treatment of 1,4,5,8- naphthalenetetracarboxylic dianhydride (NTCDA)
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with sulfur. Interestingly, this material exhibited an exceptional reversible capacity of
516 mAh g-1, an outstanding rate cycle performance with 271 mA h g-1 at 1 A g-1 after
1000 cycles.[70] It was proposed that the sulfur-doping could not only improve the
surface area and interlayer distance, but also increase sodium ion storage sites by obvious
sulfur heteroatom occupation and electronic conductivity by additional C-Sx-C (x =1-2)
bonds. Similar abundant sodium ion storage sites can also be achieved in nitrogen/oxygen
dual doped carbon networks, with a large reversible capacity of 545 mAh g-1 at 100 mA
g-1 after 100 cycles and a stable capacity of 240 mAh g-1 at 2 A g-1 after 2000 cycles.[72]
Later it was revealed that, fluorine-doping combining with a large interlayer distance in
disordered structures could obviously lower the sodium ion insertion−extraction barrier
and further promote the electrochemical performances of carbon materials.[73]

Figure 2.8 Sodium intercalation mechanisms (a-c) and electrochemical properties
(d-g) for graphite, graphite oxide and expanded graphite.[79] (a) Na+ cannot be
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electrochemically intercalated into graphite because of the small interlayer spacing. (b)
Electrochemical intercalation of Na+ into GO is enabled by the enlarged interlayer
distance because of oxidation. However, the intercalation is limited by steric hindering
from large amounts of oxygen-containing groups. (c) A significant amount of Na+ can be
electrochemically intercalated into EG owing to suitable interlayer distance and reduced
oxygen-containing groups in the interlayers. (d) Charge/discharge curves for the second
cycles of PG, GO, EG-1 h and EG-5 h at a current density of 20 mA g-1. (e) Short-term
cycling stability test for PG, GO, EG-1 h and EG-5 h at a current density of 20 mA g-1. (f)
Long-term cycling stability of EG-1 h. Note that 20 mA g-1was used for the initial 10
cycles. At the 11th cycle, the current was changed to 100 mA g-1and held constant during
the rest of the test. (g) Rate capability test for EG-1 h.
Notably, Wang et al.[79] developed a partial thermal reduction method for graphite
oxides synthesized from a typical hummer’s method. An as-obtained expanded graphite,
which has an enlarged interlayer lattice distance of 4.3 Å without destructing the longrange ordered layer structures of graphite. This tunable structure with a larger interlayer
spacing could greatly facilitate the sodium insertion/extraction process, as shown in
Figure 2.8. Importantly, the expanded graphite can deliver a reversible capacity of 284
mAh g-1 at 20 mA g-1, and maintain a capacity of 184 mAh g-1 at 100 mA g-1 with
73.92% capacity retention over 2000 cycles. Wan and colleagues[80] further designed a
sandwich-like porous carbon/graphene composite via a facile ionothermal method.
Furthermore, this porous carbon/graphene composite, benefiting from a high Na+
diffusion rate for porous carbon with a hierarchical structure and a fast electron transport
for graphene as illustrated in Figure 2.9, can present a high specific capacity of 400 mAh
g-1 at 50 mA g-1, and an outstanding cycle performance with a capacity of 250 mAh g-1 at
1 A g-1 over 1000 cycles. Similar amorphous carbon/graphene composites have been
synthesized via a hydrothermal method applying the chemical interactions between
hydroxyl functional groups from glucose and oxygen-containing functional groups from
graphene oxides.[81] The as-obtained composite could deliver a reversible capacity of
142 mAh g-1 with 83.5% capacity retention at 500 mA g-1 after 2500 cycles.

45

Figure 2.9 a) Schematic illustration of the structure of G@HPC. b) Corresponding
schematic illustration of Na storage in the G@HPC. c) Galvanostatic
discharge/charge. Cycling performances under d) 50 mA g−1 and e)1 A g−1.[80]
As shown in Figure 2.10, 3D (three-dimensional) porous carbon frameworks (PCFs)
derived from carbon quantum dots (CQDs) could deliver a remarkable reversible capacity
of 255.5 mAh g-1 at 0.5 A g-1 and an outstanding capacity retention of 99.8 mAh g-1 over
10000 cycles at 5 A g-1, due to large interlayer spacing(0.42 nm), significant quantity of
defective sites and latent capacitive properties for its large surface area.[82]
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Figure 2.10 (a) The mechanism for the formation of CQDs. (b) Galvanostatic
charge–discharge profiles and (c) rate cycle performances of 3D PCFs anode for
SIBs.[82]
C. Natural derivatives
Meanwhile, carbon materials obtained from natural products were also applied as anode
materials for SIBs. Huang’s group[83] pyrolyzed H3PO4-treated pomelo peels at 700 ºC
under N2 atmosphere to prepare a hard carbon material. Owing to its 3D (threedimensional) connected porous structure and a high surface area of 1272 m2 g-1, this
anode can display a reversible capacity of 181 mAh g-1 at 200 mA g-1, and retain a
capacity of 71 mAh g-1 at 5 A g-1 after 200 cycles. Similarly, Mitlin et al.[84] employed
banana peels as carbon sources and derived banana peel pseudo graphite after a pyrolysis
and an activation process. Despite a low surface area for the banana peel pseudo graphite,
it can deliver a charge capacity of 336 mAh g-1 at 100 mA g-1 with 89% capacity
retention for 300 cycles, and a charge capacity of 221 mAh g-1 at 500 mA g-1 with 93%
capacity retention for 600 cycles. These performances were accompanied with a nearly
flat ∼200 mAh g-1 plateau under 0.1 V and a minimal charge/discharge voltage
hysteresis. Moreover, Hu et al.[85] further carbonized a biomass of sucrose at different
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high temperatures and obtained amorphous hard carbon micro-spherules after a heat
treatment at 1600 ºC, which can present an initial charge capacity of 314 mAh g-1 at 30
mA g-1, the highest plateau capacity of 220 mAh g-1, 93% capacity retention after 100
cycles and a highly reversible charge capacity of 270 mAh g-1 at 6 A g-1. At the same
time, carbonaceous photonic crystals (CPC) derived from carbonization of butterfly
wings can deliver a reversible capacity of about 200 mAh g-1 at 250 mA g-1 with an ultralong cycle life up to 10000 cycles at 1 A g-1. These electrochemical performances should
be resulted from its unique photonic structure with periodically interconnected ridges and
ribs for electron transports, and micro/mesopores for sodium ion diffusions. The rich
contents of O and N heteroatoms on surface of CPC further contributed to more
electrochemically

active

sites

for

sodium

ion

intercalation/deintercalation.[86]

Intriguingly, ZIF-8 derived amorphous carbon nitride with a nitrogen content as high as
20.4 wt% could maintain a reversible capacity of 175 mAh g-1 at 1.67 A g-1 over 2000
cycles with 0.016% capacity fading per cycle, due to a particularly stable microporous
structure enabled by the presence of ultrafine ZnO.[87] Additionally, hard carbon
microtubes made from optimizing carbonization of renewable cotton have the unique
tubular microstructure with a desirable sodium ion storage capability of 315 mAh g-1 and
a good rate capability.[88]
2.1.2.3 Electrochemical comparison
Overall, the electrochemical performances of the typical reported carbon anodes are listed
in Table 2.1 for comparison.
Table 2.1 Summary of carbon anode materials

Reversible
Materials

capacity
(mAh g-1)

Graphite[13]

~100

Voltage
range vs.
Na/Na+
(V)

1.5~0

Cycle

Rate

performance

performance

(mAh g-1)

(mAh g-1)

100 (at 37

~80 (372 mA g-

mA g-1 after

1

)

48

1000 cycles)
150 (at 100
Natural graphite[12]

~150

1.5~0

mA g-1 after

~75 (10 A g-1)

2500 cycles)
105 (at 200
Graphite[22]

~110

1.5~0

mA g-1 after

102 (10 A g-1)

6000 cycles)
220 (at 25
Hard carbon[47]

~240

0.2~0

mA g-1 after
100 cycles)
~300 (at C/10

Hard carbon[49]

~326

0.2~0

after 120

230 (1 C)

cycles)
~211 (at 12
Hard carbon[58]

~271

1.0~0

-1

mA g after
100 cycles)

Nanoporous hard
carbon[46]

Disordered
Carbon[43]

GO doped hard
carbon[44]

147 (240 mA g1

)

~289 (at 20
~324

0.2~0

mA g-1 after

95 (500 mA g-1)

100 cycles)
225 (at 100
246

1.0~0

mA g-1after

18 (10 A g-1)

180 cycles)
280 (at 20
289

2.0~0

mA g-1 after
200 cycles)

25 (1 A g-1)

49

Biomass derived
hard carbon[83]

Banana peel
pseudographite[84]

Hard carbon microspherules[85]

Hard carbon
matrix[89]

Hollow carbon
nanospheres[55]

Double-shelled
hollow carbon[56]

Hollow carbon
nanowires[57]

Carbon
nanofibers[59]

Carbon

181 (at 200
314.5

1.0~0

mA g-1 after

71 (5 A g-1)

220 cycles)
298 (at 50
385

2.0~1.0

mA g-1 after

210 (500 mA g1

300 cycles)

)

292 (at 30
314

1.0~0

mA g-1 after

270 (6 A g-1)

100 cycles)
116 (at 4 A g341

3.0~0

1

after 3000

112 (8 A g-1)

cycles)
160 (at 100
223

1.5~0

mA g-1 after

50 (10 A g-1)

90 cycles)
120 (at 200
290

3.0~0

mA g-1 after

12 (5 A g-1)

100 cycles)
206.3 (at 50
~251

0.2~0

mA g-1 after
400 cycles)

149 (500 mA g1

)

176 (at 200
255

1.0~0

mA g-1 after

85 (2 A g-1)

600 cycles)
271

1.0~0

200 (at 200

50 (1 A g-1)

50

mA g-1 after

nanofibers[60]

100 cycles)

Porous carbon
nanofibers[61]

266 (at 50
280

0.8~0

296

3.0~0

nanofibers[75]

172

2.0~0

mA g-1 after

mA g-1 after

carbon[71]

N/O-codoped
carbon[72]

Fluorine-Doped
Carbon Particles[73]

73 (20 A g-1)

210 (at 5 A g564

3.0~0

1

after 7000

154 (15 A g-1)

cycles)
271 (at 1 A g516

3.0~0

1

carbon[70]

N/S-codoped

72 (10 A g-1)

200 cycles)

Sulfur-doped
disordered

)

134.2 (at 200

nanofibers[63]

N-doped carbon

1

100 cycles)

N-doped

carbon

140 (500 mA g-

243 (at 50

fibres[64]

interconnected

mA g after
200 cycles)

Nitrogen doped
porous carbon

-1

after 1000

158 (4 A g-1)

cycles)
150 (at 500
280

3.0~0

mA g-1 after

130 (10 A g-1)

3400 cycles)
240 (at 2 A g~800

2.8~0

1

after 2000

161 (5 A g-1)

cycles)

230

1.5~0

126 (at 500
-1

mA g after

43 (10 A g-1)

51

300 cycles)

Carbon
microspheres[41]

Carbon
nanosheet[74]

Nitrogen-doped
carbon sheets[77]

Nitrogen-doped
CNTs[68]

Reduced graphene
oxide[65]

Porous graphene
film[76]

S-doped
graphene[66]

N-doped graphene
foams[67]

183 (at 30
202

2.0~0

mA g-1 after

83 (1 A g-1)

50 cycles)
255 (at 100
~306

0.2~0

mA g-1 after

66 (5 A g-1)

200 cycles)
165 (at 200
765

1.0~0

mA g-1 after

75 (10 A g-1)

600 cycles)
100 (at 500
270.6

3.0~0

mA g-1 after

81 (1 A g-1)

160 cycles)
141 (at 40
~174

3.0~0

mA g-1 after

95.6 (1 A g-1)

1000 cycles)
111 (at 1 A g195

3.0~0

1

after 1000

N

cycles)
150 (at 1 A g~291

3.0~0

1

after 200

83 (5 A g-1)

cycles)
594 (at 500
~852.6

3.0~0

mA g-1 after
150 cycles)

137.7 (5 A g-1)
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Porous
Carbon/Graphene

400 (at 50
~620

2.5~0

Composite[80]

Expanded
graphite[79]

Amorphous
carbon/graphene[81]

180 (at 100
~350

2.0~0

frameworks[82]

Amorphous Carbon
Nitride[87]

Hard carbon
microtubes[88]

mA g-1 after

91 (200 mA g-1)

2000 cycles)
142 (at 500
~310

2.5~0

mA g-1 after

120 (10 A g-1)

2500 cycles)
125 (at 250
~235

3.0~0.25

crystals[86]

Porous carbon

250 (1 A g-1)

100 cycles)

Carbonaceous
photonic

mA g-1 after

mA g-1 after

90 (1 A g-1)

400 cycles)
99.8 (at 5 A
~356.1

3.0~0

g-1 after

90 (20 A g-1)

10000 cycles)
175 (at 1.67
~430

2.5~0

A g-1 after

146 (8.33 A g-1)

2000 cycles)
305 (at 30
~315

0.5~0

mA g-1 after
100 cycles)

180 (300 mA g1

)

2.1.3 Phosphorus-based materials
In recent years, phosphorus, which has played a fundamental role in a well-known
olivine-structured LiFePO4 cathode material, has gradually emerged as an appealing
anode material in battery applications. Generally, it will react with 3 Na per atom during
the electrochemical sodiation and has an exceptionally high theoretical capacity of 2596
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mAh g-1, accompanied by a desirable operating voltage plateau (0.1~0.6 V). The volume
expansion of 292% for sodiated phosphorus is predicted to be relatively smaller than that
of Sn, when applied in SIBs.[90] As one of the most abundant elements in the earth’s
crust and nature, phosphorus is believed to be a key of anode materials for nextgeneration SIBs. However, the electrode pulverization after the large volume change and
the low electronic/ionic conductivity still challenge the structure design and synthesis of
phosphorus-based composites. Furthermore, black phosphorus, which has a unique
multilayered structure similar to graphite, could mechanically evolve into a particular
monolayer of phosphorene with many novel properties. A good electronic conductivity
(~300 S m-1) and a fast ion diffusion rate in a large interlayer channel (3.08 Å) as well as
an outstanding energy density make the phosphorene very desirable as an anode material
for batteries[91,92]. All these factors enable phosphorus to be one of the hottest anode
materials for SIBs and this section would be applied to revisit the fundamental
information of phosphorus, discuss its electrochemical properties in SIBs, and finally
provide an outlook on its long-term development.
2.1.3.1 Basic physical properties

Figure 2.11 Optical images of (a) black phosphorus, (b) red phosphorus, (c) white
phosphorus, and (d) violet phosphorus.
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Elemental phosphorus, which is a typical pnictogen of group 15 at period 3 in the
periodic table, normally has four major forms as shown in Figure 2.11. Due to its specific
electronic configuration of 3s23p3 in third shell, a highly reactive phosphorus generally
gets oxidized in nature and exists as inorganic phosphate rocks in earth crust. The
different chemical structures for several phosphorus forms further determine their basic
properties as well as related transformation processes.
A. Properties comparison
Table 2.2 Comparison of different phosphorus phases.[93]
Color

White

Form

Waxy and white

Reactivity

Most reactive

Red

Violet

From orange to

Scarlet and

red

purple

Moisture
Reactive

Melting point

Boiling point

Density (g
cm-3)
Band gap
(eV)
Abundance

Reactive

Most stable

280

(°C)

(°C)

Black powder

44.1

(°C)

Igniting point

Black

30

300

300

500

1.828~1.88

2.2~2.34

2.36

2.69

2.1

2.5

N

0.34

0.099% in content of earth crust
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Table 2.2 compares the basic physical properties of four major phosphorus phases. As the
most reactive phase, white phosphorus has the lowest density and the strongest volatility.
The surface is commonly covered by white phosphorus pentoxide with the garlic smell,
due to its rapid reaction in air. Carbon disulfide could be employed to dissolve white
phosphorus which is insoluble in water or other common solvents. Although red
phosphorus is comparatively more stable than white phosphorus, it still readily reacts in
air. Among the different allotropes of phosphorus, black phosphorus is the most
thermodynamically stable and has the heaviest density, which normally appears in the
bulk phase. Additionally, a lowest band gap and a highest electronic conductivity are also
belonging to black phosphorus. All this information would shed a light on the rational
design of phosphorus-based composites.
B. Chemical transformation

Figure 2.12 Chemical transformation of red phosphorus, black phosphorus, white
phosphorus, and violet phosphorus.
The temperature, the pressure, the light, and the reaction time are the major factors
affecting the chemical transformations between the four different phosphorus phases.
After heating around the boiling temperature under UV lights, red phosphorus can change
into white phosphorus, while violet phosphorus could be obtained upon heating red
phosphorus above its melting point for several weeks. When a high pressure is applied to
red phosphorus, it will gradually transform into black phosphorus, which could also
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harvest from the heated white phosphorus under a low pressure. It’s noteworthy that fresh
amorphous red phosphorus would crystalize and stabilize for an extended period of time.
Clearly, red phosphorus would rather be an intermediate phase between white phosphorus
and violet phosphorus than an allotrope for phosphorus and it also exhibits the most
intermediate properties in the range.
C. Structure evolutions
To properly explain and compared the properties as well as chemical transformations for
the different phosphorus phases, it’s quite necessary to understand the structure
evolutions for the underlying information. Figure 2.13 illustrates the structure
transformations from diphosphorus (P2) to different phosphorus states. Basically, the soft
and waxy white phosphorus is composed of four phosphorus atoms in a tetrahedral
structure and each atom is strongly bonding with another one. On the one hand, heated P4
molecule would decompose into diphosphorus (P2), which is a thermodynamically
gaseous form of phosphorus above 1200 °C and until 2000 °C. One the other hand, many
free P atoms breaking from one P-P bond combine with each other by covalent bonds,
further posing a long-chain polymeric structure for amorphous red phosphorus. When P8
and P9 units are linked through two another phosphorus atoms, the formation of infinite,
tube-like structures in pentagonal cross-section would lead to the constitution of violet
phosphorus, which is also known as Hittorf's metallic phosphorus[94]. As five valence
shell electrons are capable of bonding for phosphorus atoms with a 3s23p3 valence shell
configuration, the connection between phosphorus atoms to three neighboring atoms by
sp3 hybridized orbital[95,96], can give rise to the arrangement of phosphorus atoms in a
puckered honeycomb lattice, which is the structure of black phosphorus. Furthermore,
black phosphorus has a unique layered structure like graphite and the layers originated
from in-plane bonded atoms weakly stack by van der Waals forces.
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Figure 2.13 Structure evolutions of different phosphorus phases.
According to the basic physical properties for different phosphorus phases, the critical
structure information can be understood, while the corresponding synthesis routes and
electrochemical applications could be further designed. Meanwhile, it’s highly necessary
to explore the fundamental electrochemical characteristics for phosphorus anode
materials.
2.1.3.2. Electrochemical characteristics

58

Considering the high flammability and pyrophoricity of white phosphorus, only red
phosphorus which is commercially available, could be relatively stabilized in air for
practical applications while stable violet phosphorus is hard to achieve without longheating processes. In recent years, black phosphorus, owing to its specific twodimensional structure, has emerged as an ideal topic for energy storage and reversion. In
this regard, only red phosphorus would be discussed for understanding the phosphorus
electrochemistry.
A. Specific capacity and charging voltage plateau

Figure 2.14 Average voltage (V) and energy density (Wh kg−1) versus gravimetric
capacity (mAh g−1) for negative electrodes materials for SIBs[90]: (black circles)
carbonaceous materials, (red circles) sodium insertion materials, (blue circles) alloy,
(green) phosphide/phosphorus, and (gray circles) conversion-type reaction. Na2/3[Ni1/3Mn
1/2Ti 1/6]O2

is assumed to be the cathode for calculation.

Similar to the silicon anode in LIBs, phosphorus normally proceeds through a multielectron alloying reaction toward sodium ions and consequently presents a highest
theoretical specific capacity of 2596 mAh g-1 corresponding to a chemical transformation
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from P to Na3P. Furthermore, the phosphorus has a very desirable sodium
alloying/dealloying voltage range around 0.5 V, which could further boost its energy
density compared with other types of anode materials. When it is coupled with a layerstructured Na2/3Ni2/3Mn1/2Ti1/6O2 cathode material, the corresponding energy density
could easily surpass that of a typical graphite/LiMn2O4 battery, as displayed in Figure
2.14.[90] It should be noticed that the electrochemical features for phosphorus are highly
dependent on its physical properties and morphologies.
Specifically, the orthorhombic black phosphorus with a two-dimensional layered
structure possesses not only a high electronic conductivity (~300 S m-1), but also a fast
ion diffusion rate in a large interlayer channel (3.08 Å). Moreover, the energy barrier of
Li diffusion in the zigzag direction for phosphorene is predicted to be 0.09 eV, indicating
the feasibility of an ultrafast charging/discharging.[92] Thus, the black phosphorus could
be a promising candidate as an anode material in advanced batteries.
B. Electrochemical reversibility and failure
The primary challenge for the phosphorus anode is the huge volume expansion upon
discharging/charging, leading to the pulverization of the electrode, collapse of
nanostructure, and breakdown of SEI (solid electrolyte interphase). At the same time, the
incapability of electrical contact between active materials and current collectors would
trigger a severe electrode degradation and a rapid capacity loss. Meanwhile, the increased
overpotential and hysteresis, resulted from the kinetic impedances of phosphorus
electrode and reaction intermediates (LixP and NaxP) with the low ionic/electronic
conductivity, would further deteriorate the redox potential, the cycle performance, and
the rate capability.[33,97,98]
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Figure 2.15 (a) Elements of groups 14 and 15 in the periodic table to form sodium
compounds, and schematic illustrations of the most Na-rich phases for Si and Ge
(b), Sn and Pb (c), and P, As, and Sb (d).[90] (e) The corresponding theoretical
gravimetric capacities and volume changes.[98]
The sodiation processes for elements in group 14 and 15 are illustrated in Figure 2.15(ad) [90], while their theoretical capacities and volumetric expansions are compared in
Figure 2.15(e).[98] The phosphorus structure undergoes the alloying and extraction of 3
Na+ with a continuous destruction of the pristine structure upon cycling. The fast capacity
degradations associated with an inevitable electrode cracking were diagnosed in several
initial research papers for phosphorus anodes.[97,99,100] It’s understandable that bare
red phosphorus-based electrodes undoubtedly presented the poor reversibility and the low
columbic efficiency after the first discharging process.[100] At the same time, an initially
rapid capacity degradation and an obviously increased overpotential also appeared in
black phosphorus-based anode materials for LIBs and P/C-based electrodes for
SIBs.[99,100] The most common phenomenon, “sudden death of battery”, may be due to
an immediate capacity degradation and an electrode failure after discharging/charging for
50 cycles.[97] Furthermore, the absence of a robust and ionic-conductive SEI for anode
layer is also detrimental to the electrode stability and the rate cycle capability. Therefore,
it is important to take advantages of buffering strategies to stabilize the electrodes upon
cycling.
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Figure 2.16 Electrochemical failures of phosphorus-based anode materials.[97, 99,
100] (a) Potential profiles during the first cycle of the ball-milled black phosphorus at a
current density of 86.5 mA g-1 (C-rate equal to C/10) in an electrolyte mixture of EC:
DEC (3: 7 by weight) containing 1 M LiPF6 as lithium salt.[99] (b) charge-discharge
profiles at a constant rate of 250 mA g-1 in SIBs; inset=the change in the reversible
capacities with cycle number.[97] (c) bare red P obtained with PAA binder and (d)
amorphous red P/C composite obtained with PVdF binder in SIBs.[100]
C. Advisable approaches
The most effective approach to better the electrochemical properties of phosphorus
electrodes is to construct conductive and robust structures that are capable of buffering
the large volume changes upon cycling. Hence, the choices of conductive materials and
synthetic routes would determine the physical and electrochemical properties of asprepared phosphorus-based composites. At the same time, the optimization of electrolytes
and binders would be able to further promote the structural stability of electrodes. The
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durable phosphorus-based electrodes obtained from cheap raw materials by accessible
methods could be the ultimate targets.
C1. Alloying with metals
Metals with high electronic conductivities have been proposed as effective cushioning
materials for the huge volume expansions of phosphorus upon cycling. At the beginning,
elemental phosphorus was combined with electrochemically inactive metals, including
V[101], Ti[102], and Fe[103], etc. Admittedly, the addition of conducting metals would
lower the specific capacities and energy densities for the entire composites. Considering
the limited buffering capabilities of the conductive metals, carbon materials were also
introduced into phosphorus composites. Several composites with inactive metals,
including CuP2/C[104], Ni2P@Graphitized Carbon Fiber [105], Graphene/Ni2P[106],
Co2P/graphene[107], C@NiCoP Peapods[108], Fe2P/Graphited Carbon Sheets[109], and
P-TiP2-C[110], have been reported for various battery applications. As a typical example,
Manthiram et al.[110] employed a facile high energy ball milling process to fabricate a
composite of phosphorus and titanium. As shown in Figure 2.17(a-c), the elements of P,
Ti, and C are well distributed in the microsized particles, with TiP2 particles possessing
an interlayer distance of 0.227 nm being embedded into the carbon matrix, indicating a
good bulk electronic conductivity and a strong buffering ability for a large volume
expansion/extraction. Figure 2.17(d) further illustrated the different functions of TiO2
upon lithiation/sodiation and compares the electrochemical performances of P–TiP2–C
composites in lithium/sodium-ion batteries. In LIBs, the conductive and
electrochemically active TiP2 can reinforce the electrode structure stability through the
formation of LixTiP4 active matrixes upon lithiation. Additionally, the electrochemically
inactive TiP2 would directly act as a conductive matrix for the sodiated compounds and
further enhance electrode durability in SIBs. Particularly, a higher specific capacity in
LIBs should be attributed to more active roles of TiP2 and the kinetic advantages of
lithium ions with a smaller atomic size.
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Figure 2.17 (a) SEM, (b) HR-TEM, (c) STEM images with the EDS mapping images
of the P–TiP2–C composite. (d)Schematic diagram of TiP2 functions and cycle
performance in lithium/sodium-ion batteries.[110]
Recently, a york-shell structured NiP2/Graphene composite was derived from
NiNH4PO4·H2O nanocrystals utilizing a cationic surfactant-assisted method and a
subsequent annealing process under Ar/H2.[106] Benefitted from the synergistic effects
between NiP2 nanorods and graphene, the composite renders the highly efficient
ion/electron transport from the open porous networks and the steadfast architecture
through the flexible graphene without an agglomeration of nanoparticles. When applied
in LIBs, the specific capacities could reach 520, 449, 397, 325, and 291 mAh g−1 at the
current densities of 0.1, 0.2, 0.5, 0.8, and 1 A g−1, respectively, while a highly reversible
capacity of 457 mAh g−1 could be achieved after 500 cycles at 0.3 A g−1. Additionally,
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the electrode in SIBs could present an initial charge capacity of 181 mAh g−1 and a good
rate capability of 101 mAh g−1 at 2 A g−1.
Even though zinc phosphide including Zn3P2[111,112] and ZnP2[113,114] with high
specific capacities have been studied as anode materials for LIBs for decades, the ideas of
combining electrochemically active metals with phosphorus materials were proposed, not
only for their improved energy densities, but they can also benefit from the co-buffering
effects by lithiated/sodiated compounds from active metals and phosphorus.
In 2014, Sn3P4 with a theoretical volumetric capacity as high as 6650 mAh cm−3, have
been examined as anode materials for SIBs. Lee’s group[115] initially prepared Sn3P4
power through a mechanical ball milling of Sn with red phosphorus powders. With the
assistance of fluoroethylene carbonate(FEC) additive in electrolyte, the as-prepared
materials can display a stable specific capacity of about 600 mAh g-1 after 100 cycles
when cycling at 100 mA g-1. Simultaneously, Sn3P4/carbon nanocomposites, synthesized
via a high energy mechanical milling method, exhibited a reversible capacity of 400 mAh
g-1 even cycling at 500 mA g-1. Furthermore, the composite had 86% capacity retention
after 150 cycles at a current density of 100 mA g-1, as illustrated in Figure 2.18.[116] The
superior electrochemical performances should be attributed to the synergistic roles of Sn
and P in the Sn4P3 composites, where the conductive Sn nanoparticles can promote the
electrochemical activity of P components, while the elemental P and its sodiated product
of Na3P can effectively inhibit the aggregation of the Sn particles as the robust host
matrixes during the sodiation process. Yan Yu et al.[117] chose a low-temperature
solution-based phosphorization method to treat the yolk–shell Sn@C precursors in the
fabrication of Sn3P4@C composites, which could demonstrate a highly reversible
capacity of 350 mAh g-1 at 1.5C over 400 cycles. Moreover, a similar solution-based
method has been adopted to synthesize a Sn3P4/rGO composite from the phosphorization
of Sn/rGO.[118]
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Figure 2.18 (a-d) Electrochemical performances of the Sn4P3 electrode and (e)
Schematic illustration of the Na-storage mechanism in Sn4P3 electrode.[116] (a) CV
curves scanned at a rate of 0.05 mV s−1; (b) initial charge/discharge curves at a constant
current of 50 mA g−1; (c) rate performance at various rates from 50 to 1000 mA g−1; and
(d) a comparison of the reversible capacities of the Sn4P3/C, Sn/C, and P/C electrodes at a
current rate of 100 mA g−1. All the capacities were calculated based on the mass of active
materials excluding the carbon.
Very recently, a new type of tin phosphide as SnP3 was found to possess a highest
volumetric energy density among all alloy-type anode materials for SIBs. The SnP3/C
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composites synthesized by a high-energy ball-milling method could present a highly
reversible capacity of 810 mAh g-1(≈2820 mAh cm−3 for the composite including carbon)
at 150 mA g-1 with negligible capacity loss for 150 cycles, due to a self-healing
mechanism involving the conversion reaction between SnP3, Sn+Na3P and Na15Sn4+Na3P
as shown in Figure 2.19.[119] Importantly, this particularly reversible conversion
reaction forms a strong bonding between P and Sn, which could effectively hinder the
continuous pulverization of alloy-based electrodes and further mitigate the agglomeration
of Sn as well as P during the charge/discharge processes. Additionally, an outstanding
cycle capability and an ultrahigh specific capacity should be attributed to a self-healing
structure and a high content of P in the final composites. Analogous to previous concepts
, Kovalenko et al.[120] physically mixed phosphorus and Sb nanocrystals with carbon
blacks and Cu nanowires in the deionized water utilizing CMC as binder, and the asresulted electrode from aqueous slurries coated on Cu current collectors could exhibit a
stable capacity of 1100 mAh g-1 at 125 mA g-1 after 50 cycles and an outstanding rate
capability of more than 900 mAh g-1 at 2 A g-1. Additionally, a GeP5/C composite
prepared by a simple ball-milling method could deliver a large reversible capacity of
1250 mAh g-1 and an initial columbic efficiency of 95% as well as a desirable operating
voltage around 0.4 V vs Na+/Na, due to a synergistic effect between the sodiation of P
and Ge.[121] The advantageous combinations between phosphorus and other
electrochemically active materials would provide novel routes to develop anode materials
with the high capacity and durability.
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Figure 2.19 (A) Electrochemical properties and (B) Schematic illustration for the
sodiation and desodiation of SnP3/C composite.[119] a) CV curves of the SnP3/C
electrode from 2.0 to 0 V versus Na+/Na at a scan rate of 0.1 mV s−1; b) representative
discharge/charge profiles of the SnP3/C electrode between 0 and 2.0 V versus Na+/Na at a
current rate of 150 mA g−1, c) cycling performance of the SnP3/C electrode at a current
rate of 150 mA g−1. Yellow outlayer denotes carbon.
C2. Combining with advanced carbon materials
A more attractive route to improve the electrochemical performances of phosphorus
anodes should be the effective combinations of phosphorus with various advanced carbon
materials, enabling the lower weights and the higher conductivities than those associating
with the electrochemically inactive/active metals. The flexible structures built from the
conductive carbon and phosphorus could buffer the large volume expansion/shrinkage
and further maintain a high structural stability during the alloying/dealloying processes.
Simultaneously, the electrochemically active carbon would also contribute to the whole
specific capacity of composites by its sodium ion insertion/extraction processes.
Sohn et al.[122] initiated the electrochemical application of black P-carbon composites in
LIBs obtained via a high energy ball milling method and found it can deliver a stable
specific capacity of about 600 mAh g-1 at 100 mA g-1 from 0.78 V to 2.0 V over 100
cycles. Later, the research conducted by Monconduit et al.[123] further confirmed the
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reversible formation of Li3P during the discharge process via in-situ XRD
characterization. In 2012, Hanxi Yang’s group[124] simply prepared P/C composite via a
high energy ball milling of red P powder and amorphous carbon blacks, and the asprepared composites can retain an outstanding specific capacity of 1740 mAh g-1 at 4000
mA g-1 after 100 cycles when applied as anodes in LIBs. Simultaneously, Xiangming He
et al.[125] further synthesized nanostructured phosphorus-carbon black composites via a
vaporization/adsorption strategy and exhibited its superior lithium storage capability with
a specific capacity of 750 mAh g-1 at 100 mA g-1 after 50 cycles. Interestingly, the asformed P-C and P-O-C chemical bonds could not only stabilize the composite structure,
but also promote the electron transport and the charge carrier diffusion for the better
electrochemical performances.[126,127]
Lee’s group[100] reported the first application of red phosphorus/carbon composites as
anode materials in SIBs and the ball-milling synthesized composites delivered a specific
capacity of about 1890 mAh g−1 at a current density of 286 mA g-1 after 30 cycles, and a
highly reversible capacity of 1540 mAh g−1 (based on the weight of phosphorus) at a
current density of 2860 mA g-1. Yang’s group[97] further mixed amorphous phosphorus
with carbon blacks by a high-energy ball milling process, and the composites can present
a high specific capacity of 1200 mAh g-1 at the 60th cycle when cycling at 250 mA g-1.
Chou et al.[128] simply grinded commercial microsized red phosphorus with carbon
nanotubes (CNTs), and the composites with CNTs content of 30% can deliver an initial
discharge capacity of 2210 mAh gp−1 with 77.6% capacity retention after 10 cycles at a
current density of 143 mA g−1. Furthermore, Chou et al.[126] synthesized
phosphorus/graphene composites by a scalable ball milling of red phosphorus and natural
graphite. With a strong chemical bonding between P and C and an improved structural
stability as well as a high electronic conductivity, the composite could present a high
reversible capacity of 1146 mAh g-1 with 75.4% capacity retention at 100 mA g-1 over
100 cycles. Later, the black phosphorus/Ketjen black-MWCNTs composite obtained
from a similar ball milling strategy, could deliver an outstanding initial coulombic
efficiency (>90%) and a large reversible capacity as well as a superior rate
capability.[129]
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The vaporization-condensation method was also applied to distribute red P into a
conductive network of single-walled carbon nanotube.[130] Due to a high electronic
conductivity as well as an enhanced structural stability, the composites could present a
highly reversible capacity of 700 mAh gcomposite-1 at 50 mA g-1 and an outstanding cycle
performance with an 80% capacity retention (240 mAh gcomposite-1) at 2 A gcomposite-1 after
2000 cycles. Wang et al.[131] employed a similar method to distribute red P into Ndoped carbon nanofiber, which could deliver a reversible capacity of 731 mAh g-1 with a
57.3% capacity retention over 55 cycles at 100 mA g-1. Yi Cui et al.[132] creatively
constructed a hybrid sandwiched structure of phosphorene and graphene layers and found
a dual sodiation mechanism involving the sodium ion intercalation along the horizontal
direction of the phosphorene layers and the subsequent formation of the Na3P alloy. A
large specific capacity of 2,440 mA h g−1 (calculated using the 48.3% mass content of
phosphorus) at a current density of 50 mA g−1 and 83% capacity retention after 100
cycles between 0 and 1.5 V could be achieved.

Figure 2.20 (A) Schematic and digital photographs of the fabrication for the
ultrafine red phosphorus particles embedded in a 3D carbon framework. B) SEM
and TEM characterization and (C) Electrochemical performances of the P/C
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composite.[133] (A) a) P4O10 coated with PEG. b) P4O10·H2O coated with carbon and
PEG. c) The P/C composite. (B) a) Low magnification SEM image (Scale bar, 20 μm). b)
High magnification SEM image of a single sphere at (Scale bar, 10 μm). c) SEM image
of a cracked P/C sphere (Scale bar, 10 μm). The corresponding EDS elemental dotmapping images of d) P, e) C elements and f) overlay of C and P (Scale bar, 10 μm). g)
TEM image of the P/C composite (Scale bar, 100 nm). h) Enlarged HRTEM image of the
selected area in (g), with a scale bar of 10 nm. i) HRTEM image of carbon framework
(Scale bar, 10 nm). (C) a) The galvanostatic charge–discharge profiles of red P and P/C
electrodes at the first two cycles between 0.01 and 1.5V with a current density of 0.2C. b)
The cycling performance of the carbon framework alone and the P/C composite at
different current densities of 0.2C, 1C and 3.5C.
In order to ameliorate the low ionic/electronic conductivity, poor reaction kinetics, and
large volume expansions, the 3D (three-dimensional) carbon frameworks filled with
nanosized red phosphorus particles were prepared through a carbothermic reduction of
P4O10.[133] The synthetic processes, as shown in Figure 2.20(A), illustrate the formation
of the ultrafine red phosphorus in a carbon framework. Firstly, the PEG polymer and
white P4O10 material are mixed together at 80 °C to obtain a core-shell of P4O10@PEG.
Next, the dehydration and carbonization of the polymer further turn the composites into
black color after 10 minutes. At the same time, a dramatic reaction between the superdehydrated P4O10 and water happens, generating 3D channels with the reaction products
of H(HPO3)nOH. Finally, the intermediate transforms into a fine structure of the ultrafine
red phosphorus embedded into a 3D-structured carbon framework. As depicted in Figure
2.20(B), the phosphorus and carbon elements are uniformly distributed in the microsized
particles while the amorphous phosphorus particles around 10 nm are greatly confined in
carbon frameworks with carbon shells. As electrochemically characterized in SIBs
(Figure 2.20(C)), the P/C composite can demonstrate a lower overpotential and a higher
specific capacity, compared with the results of pristine red phosphorus. The outstanding
electrochemical performances should be originated from the synergistic capability of the
composite materials in accommodating the stress without pulverization, facilitating the
ion/electron migrations, and creating the strong P-O-C bonds.
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Figure 2.21 (A)Schematic illustration of the synthesis process, (B) TEM/HRTEM
images with elemental mappings and (C) electrochemical performances for
C@P/GA composite.[134] (A) i) An in situ self-assembly process to obtain the 3D
porous graphene-hydrogel-encapsulated red P precursor. ii) Vapor phase deposition of
polypyrrole on the precursor in a chamber. iii) Vapor-redistribution of red P by annealing
the precursor in pure argon atmosphere to obtain the C@P/GA composite. (B) a) TEM
and b) HRTEM images, c) STEM image and elemental mapping analysis of C@P/GA: d)
carbon, e) nitrogen, and f) phosphorus. (C) a) Charge–discharge voltage profiles for
selected cycles of C@P/GA composite at a current density of 0.1 C. b) Cycling
performance of pre-P/GA, P/GA, C@P/GA, red P, and C@GA composites at 0.1 C. c)
Rate performance of pre-P/GA, P/GA, and C@P/GA composites at different current
densities. d) Cycling performance of C@P/GA composite at 1 C (1 C = 2600 mA g−1).
Zaiping Guo et al.[134] further prepared the carbon/red phosphorus/graphene aerogel
composites via an initial freeze-drying process and a following vapor-redistribution
method. As illustrated in Figure 2.21 (A), the first intermediate was obtained from the
mixture of graphene oxide and pristine red phosphorus. After coating the surface with a
highly conductive polypyrrole (PPy) polymer, the composite was subjected to a high-
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temperature annealing to redistribute red phosphorus in the 3D (three-dimensional)
structure and carbonize the graphene oxide/PPy polymer, leading to the formation of a
robust and porous architecture with an intermediate contact to phosphorus nanoparticles.
Morphologically, the crumpled graphene and uniform carbon layer cover the phosphorus
nanoparticles with sizes around 10-20 nm. Meanwhile, the elemental mapping in Figure
2.21 (B) demonstrates the homogeneous distribution of C, N and P in the composites. It is
believed that the graphene porous structure would effectively cushion the destructive
volume variation and further promote the electronic/ionic conductivity within the
composites. Additionally, the residence of phosphorus nanoparticles could also inhibit the
folding behavior of graphene and preserve the high surface area and the abundant active
sites throughout the structure. Furthermore, the carbon coating on the composite would
effectively prevent the loss of phosphorus during the vaporization-diffusion process.
When applied in SIBs, the composites could deliver a high initial charge capacity of 2085
mAh g-1 with an 75.4% columbic efficiency at 0.1C and an excellent rate capability of
878.6 mAh g-1 at 2C. After 100 cycles at 0.1 C, a discharge capacity of 1867 mAh g-1 was
still retained, while a specific capacity of 1095.5 mAh g-1 could be achieve after 200
cycles at 2 C. Additionally, a reduced graphene oxide was used to encapsulate a
phosphorus/carbon composite via a facile spray drying process.[135] It must be reported
all specific capacities in this report are calculated based on the content of phosphorus.
But the improved cycle performance and specific capacity can be attributed to the
incorporation of nanosized red phosphorus into the highly conductive and porous
graphene/carbon nanostructures, which could effectively buffer the volume
expansion/extraction, shorten the sodium ion diffusion pathway, and enhance the
electronically conductive graphene network.
Different from the typical insertion-type anode materials with the comparatively small
volume changes during the sodiation process, the alloy-type anodes are inevitably
subjected to the huge volume variations due to the multi-electron electrochemical
reactions, which trigger the structural instabilities and poor electrochemical
performances. It is well recognized the effective combinations of nanostructured alloytype anodes with advanced conductive materials can not only buffer the large volume
changes for the enhanced cycle stability, but also enrich the ionic/electronic transporting
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pathways for the improved rate capability. Specifically, CNTs, graphene, and other
amorphous carbon materials with the rational heteroatom doping have been proven to be
the ideal conductive matrixes for phosphorus anodes. However, the reversibility of
phosphorus anodes and the absolute phosphorus contents regarding the energy density are
still low. It’s still necessary to search other advisable approaches to cope with these
problems.
C3. Additives in the electrolyte
In addition to the stabilities of anodic materials toward huge volume changes, the
formation of a high-quality SEI is crucial to the electrochemical performances of SIBs.
One of the most successful electrolyte additives for the SEI formation is fluorinated
ethylene carbonate(FEC), which has been proposed to ameliorate the structural stabilities
of phosphorus electrodes.
Hanxi Yang et al.[97] firstly applied the phosphorus/carbon composite in FEC-containing
carbonate-based electrolyte and testified the important role of FEC in building a stable
SEI layer. The repeated volumetric expansion/shrinkage of phosphorus anodes in nonFEC electrolyte, would eventually destroy the unstable SEI and lead to the poor electrical
contact between the electrochemically active materials and the current collectors. The
rapid capacity degradation after 50 cycles would happen. However, the addition of FEC
facilitates the formation of a stable SEI and further enables the excellent reversibility and
durability up to 140 cycles.
Interestingly, Komaba et al.[136] examined the electrochemical performances of
amorphous phosphorous materials in aprotic sodium cells, and found the severe
electrolyte decomposition resulted from the side reactions between a highly reactive Na3P
surface and non-FEC electrolyte. This notorious behavior would unavoidably deteriorate
the cycle performance of electrode materials. To combat the electrolyte deterioration, the
addition of FEC in electrolyte can stabilize the SEI containing monovalent phosphorus
species and sodium fluoride, and suppress the further decomposition of the electrolyte.
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Figure 2.22 The effects of FEC additive on electrochemical properties of Sn4P3 and
Sn electrodes.[136] (a) Cycle performance of Sn4P3 and Sn electrodes obtained with or
without an FEC additive, and the corresponding voltage profiles of (b) Sn4P3 with an
FEC additive, (c) Sn4P3 without an FEC additive and (d) Differential capacity (dQ/dV)
plots of Sn4P3 electrodes for the first cycle with or without an FEC additive.
Kyu Tae Lee et al.[137] further combined fluoroethylene carbonate (FEC) and
tris(trimethylsilyl)phosphite (TMSP) together as novel electrolyte additives to a
conventional electrolyte. Interestingly, a protective film formed on the surface of Sn3P4
by these novel additives, could greatly inhibit the undesirable decomposition of
electrolyte and the formation of the Na15Sn4 phase with a huge volume expansion during
the sodium insertion process. As compared in Figure 2.22(a-c), the Sn4P3 in FEC-based
electrolyte showed a highly reversible capacity around 700 mAh g-1 and a stable cycle
life up to 100 cycles, proving to be better than those tested in electrolyte without the
addition of FEC. It is believed that FEC would help to form a stable and thin SEI layer,
which can further prevent the continuous side reactions on surface of the electrodes.[138]
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Additionally, a high-quality SEI film could enable the fast migrations of Na+ through
surface residue into the electrode and also reduce the charge-transfer resistance. In
electrolyte without FEC, the components including EC and DEC would continue to react
with the electrodes, leading to the destruction and blocking of the pore networks,
seriously inhibiting the Na+ transport on the surface or in the bulk of the electrode.
Moreover, the results from the differential capacity plots also confirmed the lower
polarization and impedance for the electrode in a FEC-containing electrolyte.
C4. Curable polymer binders
The chemical and physical interactions between electrode components may have a
dramatic effect on the final electrochemical properties. Hence, it’s critical to optimize the
electrode components, especially the polymer binders, to accommodate its large
volumetric changes. Even though polyvinylidene fluoride(PVDF) has been the common
binder choice for LIBs, the pursuit of polymer binders with the significantly improved
elastic modulus and the rich functional groups are still necessary to further better the
performances.

Figure 2.23 (a) Galvanostatic cycling of P/C composite anodes with various
binder/carbon combinations (a) with or (b) without PAA/CNT underlayers.(c)
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Proposed degradation mechanism of PAA/CNT electrodes with PAA/CNT underlayers. [139]
When it comes to phosphorus-based electrodes, most applications utilized water-soluble
binders, including PAN[125], PAA[100,104,110,115,137], CMC[97,115,116,124,126129,131,134,140], and PTFE[141]. Gleb Yushin et al.[139] systematically studied the
electrochemical effects of polymer binders and conductive agents as well as electrode
architectures on P/C composites. Firstly, the PVDF-based phosphorus electrodes were
prepared by adding different conductive agents (Exfoliated graphite(ExG) and CNT) with
or without a PAA/CNT under-layer casting. Unfortunately, the PVDF binder couldn’t
effectively combine active materials and conductive additives on a current collector (Al
foil). The purpose of applying the under-layer casting between the Al foil and the
phosphorus electrode is to create an electrically conductive and flexible interlayer, which
can reduce the severe strain between the rigid current collector and the volumetrically
expanded electrode. Additionally, the casted under-layer could improve the contact area
and the adhesion force between Al foil and phosphorus electrode without sacrificing the
electronic conductivity by solely adding PAA polymer. As compared in Figure 2.23(a),
the PVDF/CNT electrode with an under-layer coating exhibited the best electrochemical
performance, due to the improved mechanical stability by more electrically conducting
points, adhering points, and stronger bonding between the PAA/CNT under-layer and
current collector for CNT with a high surface area. It’s also meaningful to find better
electrochemical performances in PAA-based electrodes as shown in Figure 2.23(b). And
a mechanism of electrode failure was also proposed as illustrated in Figure 2.23(c). Even
though the initial P/C particles embedded in the electronically conductive CNT network,
were effectively adhered to a under-layer casting and a current collector by PAA binder.
The unavoidable pulverization of the large P/C particles in electrode would generate the
smaller particles, which didn’t possess a good electrical contact with the current collector
and became electrochemically disconnected. Furthermore, the accumulating SEI film
would inhibit the sodium ion transport and exacerbate the electrochemical stability of the
electrode.
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The effects of binders on the electrochemical performances of phosphorus-based anodes
were also mentioned in the performance optimization of FeP.[103] The cross-linked
structure generated from PAA and CMC is capable of tolerating the internal stress
resulted from the large volume changes upon cycling. Moreover, Wang’s group[142]
further designed a new cross-linked polymer from CMC and citric acid which can act as a
binder for the composites of red phosphorus/functionalized CNT. With the assistance of a
ball-milling process, the as-obtained P-CNT composites were bonded with a crosslinking polymer binder or only CMC binder. Although the P-CNT hybrid composite
using CMC binder delivered a high reversible capacity at the beginning, its specific
capacity gradually decreased after 10 cycles, compared with a rapid capacity degradation
of P-CNT mixture using CMC binder, as shown in Figure 2.24(a-b). At the same time,
the phosphorus chemically combined with functional CNT could stabilize the structure
and enable a better capacity retention by utilizing a cross-linking polymer binder. On the
one hand, the P-O-C bonds could greatly ameliorate the chemical combination of P with
CNT. On the other hand, the cross-linking polymer binder, which can absorb the internal
strain from the huge volume variation of phosphorus, would enable the construction of a
robust and durable electrode. Without the synergic effects of the P-O-C bonding and a
cross-linking polymer, the electrodes would undoubtedly pulverize and collapse with a
poor electrical contact between active materials and current collectors, as illustrated in
Figure 2.24(c).
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Figure 2.24 (a-b) Electrochemical properties and (c) reaction mechanisms for PCNT mixture with NaCMC, P-CNT hybrid with NaCMC binder and P-CNT hybrid
with NaCMC-CA binder.[142] (a) Initial charge/discharge voltage profiles of P-CNT
mixture with NaCMC binder (P-CNT mixture/NaCMC), P-CNT hybrid with NaCMC
binder (P-CNT hybrid/NaCMC), and P-CNT hybrid with cross-linked NaCMC-CA
binder (P-CNT hybrid/c-NaCMC-CA). (b) Cycling stability. (c) Schematic illustration of
structure evolution of the phosphorus-base anode during cycling.
In addition to abovementioned approaches, the nano-crystallization methods were further
utilized to improve the electrochemical performances of phosphorus-based anode
materials. The iodine-doped phosphorus nanoparticles with the diameters of 100~200 nm
were synthesized through a reaction between PI3 and ethylene glycol with the addition of
cetyltrimethylammonium

bromide

(CTAB)

in

an

ambient

environment.[143]

Additionally, a chemical solvothermal process utilizing a gas-bubble-directed mechanism
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was employed to prepare hollow phosphorus nanospheres with porous shells.[144] Both
chemical routes provide the possibilities to achieve high-performance phosphorus-based
anode materials.
D. Electrochemical comparison
The electrochemical performances of phosphorus anodes are summarized in Table 2.3 for
comparison. It should be emphasized that the specific capacity should be calculated based
on the total mass of the electrode consisting of active material, conductive agent, and
binder. In this table, the specific capacity was calculated based on the mass of active
materials.
Table 2.3 Summary of phosphorus anode materials
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2.1.3.3. Synthesis
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Considering the flammability, the reactivity, and the stability of elemental phosphorus,
the preparation of red phosphorus-based composites normally utilizes the commercially
available red phosphorus under the protectively inert gas. The formation of novel black
phosphorus-based materials should be further proceeded under a high pressure, as
mentioned in Figure 2.12. Specifically, only red and black phosphorus-based composites
have been synthesized and applied as anodes for advanced batteries. In this section, the
synthesis procedures of red phosphorus and its composites are introduced.
A. Red phosphorus synthesis
The industrial production of elemental phosphorus is based on a carbothermic reduction
of fluorapatite(Ca5(PO4)3F) or calcium phosphate(Ca3(PO4)2) in sand under a high
temperature around 1500 °C. The corresponding chemical reactions are[148,149]:
4Ca5(PO4)3F + 18SiO2 + 30C → 3P4 + 30CO + 18CaSiO3 + 2CaF2

(2-14)

2Ca3(PO4)2 + 6SiO2 + 10C → 6CaSiO3 + 10CO + P4

(2-15)

Even though the appearance of the erratic white P is inevitable, it would gradually
transform into stable red P due to the thermodynamic equilibrium. Yi Cui et al.[133]
creatively employed carbon derived from PEG polymer to reduce P4O10 under a medium
temperature and fabricated a core-shell structured composite of P/C with a long heating
process. In addition, two major approaches, including mechanical-milling process and
vaporization-condensation method, are proposed in the fabrication of red phosphorusbased anode materials.
B. Mechanical-milling process
As one of the most suitable synthetic approaches for industrial productions, the
mechanical-milling method has been widely commercialized for its low cost, simplicity,
versatility, and scalability in the fabrication of nanomaterials. With the recent advances in
milling machines and techniques, the top-down ball-milling process under a protective
atmosphere at a high rotation speed is also accessible and applicable. And it can be

84

divided into two types of horizontal and planetary milling routes, as illustrated in Figure
2.25.

Figure 2.25 (a) Horizontal and (b) planetary mechanical-milling processes.[150]
In terms of phosphorus anode with a large particle size and a low electronic conductivity
as well as the huge volume variations upon cycling, the mechanical-milling process could
efficiently grind the particles in microscale down to nanoscale induced by the strong
mechanical shearing forces. At the same time, the phosphorus nanoparticles could be
thoroughly mixed with the highly conductive and flexible materials, which could enable
the fast migrations of ions/electronics, and further construct the stable structures to buffer
the large strain from the large volume expansion/shrinkage.
In typical applications, the phosphorus is usually combined with

carbon materials,

including super P carbon[97,100,124], CNT[128,142,151], and graphene[126,127,140],
etc. In the early stage, the evolution of phosphorus states along with the increase of ballmilling time was studied by XRD and Raman spectroscopy.[124] After ball-milled for 6
hours, the amorphous red phosphorus would transform into the orthorhombic black P,
due to the high pressure and temperature created in the initial mechanical-milling
process. However, the structure of metastable black phosphorus would gradually
diminish with crushing and breaking of its particles, which are uniformly distributed in
the carbon matrix. After 24 hours, the stable composite of small P clusters and carbon
matrix could deliver the best electrochemical performances, because of the robust
structure which could accommodate the huge volume change during the electrochemical

85

cycling. Additionally, the downsizing of amorphous phosphorus is also kinetically and
electrochemically favorable for lithiation/delithiation or sodiation/desodiation processes.

Figure 2.26 Cycling performances of (a) P composite with or without 30 wt.%
carbon materials, and (b) P/CNT composites with different CNT contents. (c)
Proposed roles of CNTs toward volume expansion/extraction.[128]
Subsequently, the amorphous phosphorus/carbon composites were obtained by a
mechanical-milling method and utilized as anode materials for SIBs.[97,100] As the ballmilling process is operated in the moderate temperature and pressure, the amorphous
structure of red phosphorus can be retained when using a conventional mechanicalmilling technique.[100] And the amorphous phosphorus composites could also exhibit
better electrochemical performances than that of crystalline-type composites.[97] Even
when manually grinding red phosphorus with CNTs, the electrochemical properties for
composites can be greatly improved, compared to the pristine red phosphorus.[128]
Particularly, the specific capacity is only based on the content of phosphorus.
Furthermore, the phosphorus content was optimized to 30 wt.%, as shown in Figure
2.26(a-b). Additionally, the as-formed conductive and flexible CNT networks could
effectively absorb the enormous stress from the huge volume expansion/contraction upon
cycling, provide shortened pathways for electron transport/ion diffusion, and further help
to maintain the electrical contact between active material and current collector, as
illustrated in Figure 2.26(c). In comparison, the carbon black with a smaller size cannot
fully cover the phosphorus particles and was outperformed by P/CNT composites.
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Figure 2.27 (a) Schematic illustration of the Synthesis of Phosphorus/Graphene
Nanosheets (P/G) Hybrid. (b) cycle stability and Coulombic efficiency of the P/G
hybrid anode at a current density of 260 mA g-1.[140]
Furthermore, Wang et al.[140] employed a high energy ball milling method to combine
graphene with red phosphorus and found the obvious chemical bonding between
graphene nanosheets and the surfaces of phosphorus particles, as illustrated in Figure
2.27(a). Benefited from the synergistic combination of graphene and phosphorus, the
composites can deliver a high charge capacity of 2077 mAh gp-1 with an 82% capacity
retention after 60 cycles at 260 mA g-1. Furthermore, the P-O-C bonding as obtained in
the ball-milling process could further enable the intermediate contact between active
materials and current collectors. The phosphorus-based composites with the similar P-OC[142] or P-C[126]

bonding were further mechanically achieved by a mechanical-

milling process. Importantly, the ball-milling method is one of the most common
approach in the fabrication of phosphorus-metal composites.
Even though the mechanical-milling method possesses several advantages in applicability
and versatility for industry-scale production, the strong shear force would ineluctably
destroy the nanostructures of materials and create lots of defects in the surface, leading to
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more consumption of electrolytes in the formation of SEI. Additionally, the mixture of
phosphorus and conductive materials can barely be achieved in nanoscale. Therefore, it is
urgently required to develop non-destructive methods in the fabrication of phosphorusbased materials.
C. Vaporization-condensation process

Figure 2.28 Apparatus for the preparation of red phosphorus/carbon
composite.[125]
Based on the physical properties of red phosphorus as compared in Table 2.2, the
vaporization-condensation method was proposed to fabricate phosphorus-based materials.
Similar to the C/S composites synthesized by a melt-diffusion method, the phosphorus
particles could be confined in the pores of conductive materials by capillary forces.
Generally, the red phosphorus and porous carbon are separately stored in a sealed reactor
under argon, as illustrated in Figure 2.28. When heated above the sublimation point, the
red phosphorus would transform from solid to vapor, and can diffuse into porous carbon
by pressure differentials and capillary forces. After thermal treated at low temperature for
an extended period, the as-formed flammable white phosphorus could mostly change into
the stable red phosphorus, while the residual white phosphorus can be removed by CS2
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solvent. Therefore, the diffusion and storage of phosphorus vapor toward a conductive
matrix is highly dependent on its porosity and stability.
Xiangming He’s group firstly developed the vaporization-condensation method to
confine the amorphous phosphorus particles into the porous carbon and found the
phosphorus encapsulated in a highly conductive carbon matrix could demonstrate a high
reversible capacity with a long cycle stability. The conductive carbon matrix could not
only buffer the volume expansion/shrinkage upon the discharging/charging, but also
facilitate the ion diffusion and electron transport.[125] Yan Yu et al.[152] further applied
porous carbon fibers to store the red phosphorus. The as-obtained composite showed
uniform elemental distributions of phosphorus and carbon. The binder-free and flexible
electrode could greatly promote the fast migrations of ions/electrons and further
accommodate the large volume changes upon cycling, leading to a stable capacity with a
high columbic efficiency in LIBs. The nitrogen-doped carbon nanofibers were further
utilized to stabilize the phosphorus and the composite exhibited an initial reversible
capacity of 731 mAh g-1 with a 57.3% capacity retention over 55 cycles.[131] Shihai Ye
et al.[141] further improved the phosphorus content to 60 wt% via confining the red
phosphorus into active carbon materials. Because most phosphorus particles are stored in
the micropores of the active carbon matrix, an ultrahigh reversible capacity of 1550 mAh
g-1 corresponding to formation of L3P could be achieved.
The notable CMK-3 mesoporous carbon was then suggested as a potential reservoir to
stabilize the nanosized phosphorus particles.[146] Figure 2.29(A) illustrated the synthetic
process for red P/CMK-3 composites. As depicted in Figure 2.29(B), the pristine red
phosphorus or its carbon-based composites cannot sustain for the extended cycling, due
to the continuous strain originated from the repeated volume expansion/shrinkage upon
cycling. But in this design, the phosphorus vapors would uniformly reside in the channels
of CMK-3 and the carbon matrix could buffer the large volume changes during the
alloying/dealloying processes. At the same time, CMK-3 mesoporous carbon would
enable the close contact between the phosphorus electrode and the electrolyte as well as
the current collector, promising the fast migrations of ions and electrons. As shown in
Figure 2.29(C-D), the P/CMK-3 composites could deliver an initial reversible capacity of
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1115 mAh g-1 with an 87% capacity retention after 85 cycles in LIBs, and further
exhibited an initial reversible capacity of 935 mAh g-1 with an 85% capacity retention
after 60 cycles in SIBs. When it comes to rate capability, the composites in LIBs
demonstrated highly reversible capacities of 923, 831, 731, 696, 628, 562, 421, 331, and
228 mAh g-1 at the current densities of 0.6, 1.2, 2.4, 3.6, 4.8, 6.1, 8.5, 9.8C, and 12 C,
respectively. Simultaneously, the composite electrode demonstrated high capacities of
827, 749, 650, 633, 578, 504, 358, 282, and 227 mAh g-1 at the current densities of 0.6,
1.2, 2.4, 3.6, 4.8, 6.1, 8.5, and 9.8C for SIBs. Later, the phosphorus materials were
similarly confined in a N-doped microporous carbon matrix, which was derived from a
thermal treatment of a zeolitic imidazolate framework-8 (ZIF-8).[147] This composite
still presented a high reversible capacity of about 600 mAh g-1 at a current density of 150
mA g-1 and an enhanced rate cycle capability of 450 mAh g-1 at 1A g-1 over 1000 cycles,
due to a novel structure with a fast sodium ion diffusion and an improved structural
stability.

Figure 2.29 Schematic illustrations of (A) the preparation process, (B) the
phosphorus lithiation/sodiation process and (C-F) subsequent electrochemical
performances in LIBs/SIBs for the P@CMK-3 material.[146] The P@CMK-3
composite for were cycled between 0.001 and 2.5 V vs Li+/Li and 0.001 and 2.0 V vs
Na+/Na, respectively. Capacity-cycle number curves of P@CMK-3 electrode at a cycling
rate of 0.25 C for LIBs (C) and 0.2 C for NIBs (D); (E-F) Capacity of P@CMK-3
composite as a function of discharge rate (0.6−12 C for LIBs and 0.6−9.8 C for NIBs).
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The capacities here are calculated based on the mass of red P and the composite,
respectively. (1C=2595 mA/gphosphorus, 819 mA/gcomposite)
Although the mechanical-milling and vaporization-condensation synthesis of redphosphorus-based anode materials have been realized in recent years, there is still a great
chance to revisit these methods and optimize the detailed experimental configurations
and settings. The transformation of phosphorus states along with the milling time and the
evolutions of porous carbon structure need future work to be fully understood.

2.2 Electrolytes for Sodium-ion Batteries

Figure 2.30 Configuration differences between a conventional battery and an allsolid-state battery.[153]
Electrolytes are required to facilitate the migration of charge carriers between the
electrodes and enable the electrochemical reactions in the batteries. As the basic
properties of an electrode determine the theoretical limit of its electrochemical
performance, the fundamentals of electrolytes would also affect the energy densities and
cycling stability of the batteries. Generally, the electrolytes can be divided into three
categories; liquid electrolytes with salts dissolved in organic solvent or ionic liquid, gel
polymer electrolytes, and solid-state electrolytes.[154-159] As displayed in Figure 2.30, a
conventional battery utilizes charge carriers that migrate through an ionically conductive
liquid electrolyte, while the free ions move across the crystal structures of the super ionic
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conductors in an all-solid-state battery. As elaborated by Kang Xu[160,161], a suitable
electrolyte should satisfy the requirements of stability, conductivity, and environmental
benignity. Specifically, the electrolyte should be chemically stable during the
discharging/charging process without the side reactions with other battery components,
provide an electrochemically stable performance with a broad voltage window to prevent
the electrolyte degradation, and thermal stability with the relatively high boiling/melting
points to accommodate the high-temperature applications. In addition to the safety issues
of electrolytes, the primary considerations should be the ionic conductivity and the
electronically insulating properties. Simultaneously, other factors to be considered are the
elemental sustainability, non-toxicity, and low cost for practical applications.
Importantly, the oxidation/reduction of the electrolytes on the cathode/anode, resulting
from the inconsistency of HOMO/LUMO with electrochemical potentials of the
corresponding electrodes, would lead to the formation of solid passivation layers on the
surface of electrodes. Moreover, the stable SEI (solid electrolyte interphase) films could
further stabilize the structure of electrodes by suppressing their side reactions with
electrolytes. At the same time, the structural configuration and chemical composition of a
SEI layer would also determine the transport of Na+ between the electrode surface and
the electrolyte. To understand the electrochemical behaviors of anode materials, it is
necessary to discuss the vast majority of liquid electrolytes for SIBs.

2.2.1 Salts for liquid electrolytes
The sodium salts play an important role in achieving ionically conductive electrolytes
with a high electrochemical stability. In other words, the interactions between different
ions influence the ionic conductivity through the variable amounts of charge carriers. At
the same time, the initial oxidation of the anions in the electrolyte has an impact on the
upper limit of the voltage windows, while the reduction of the solvents determines their
lower limit. The sodium salts need to meet several requirements, including an acceptable
solubility to enhance charge mobility, a high electrochemical stability towards the
oxidation, a low toxicity, and a low cost.[160] Table 2.4 lists the fundamental properties
of common sodium salts.[159] These weakly coordinated anions, built by a core atom
and several ligands with different electron withdrawing abilities, could have a relatively
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stable performance in the oxidation of electrolytes on the cathode.[162] While NaClO4 is
highly oxidative, NaBF4 possesses a low ionic conductivity due to the strong interactions
between anions and cations and subsequently less amount of free Na+. Even though LiPF6
was adopted in the commercial electrolytes for LIBs, the NaPF6 counterpart has suffered
from the severe side reactions with the trace amounts of H2O to form HF, PF5, and POF3
compounds at high temperatures. In contrast, NaTf presents an extremely low ionic
conductivity for the same physicochemical behaviors of NaBF4, while its severe side
reactions with the aluminum foil further limit its practical applications. Similar corrosion
behavior of the Al current collector has been shown for NaTFSI with a relatively higher
ionic conductivity, while the knowledge regarding the effects of NaFSI was still unclear.
Historically, the most popular sodium salt in literatures is NaClO4 with a comparatively
high ionic conductivity, however, it unfortunately presents safety issues for its high
reactivity and practical difficulty in sample drying.[159] The complexity of sodium
chemistry in electrolytes regarding the emergence of SEI films on the electrode surfaces
needs to be clarified with the assistance of the highly sensitive analytical techniques.
Table 2.4 Basic properties of commonly used sodium salts for electrolytes of
SIBs.[159]

Salt

Anion chemical
structure

−1

Mw (g mol )

Tm (°C)

σ (mS cm−1)a (Li-

(Li-salt)

salt)

NaClO4

122.4

468 (236)

6.4 (5.6)

NaBF4

109.8

384 (293)

(3.4)

NaPF6

167.9

300 (200)

7.98 (5.8)
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a

NaTf

172.1

248 (>300)

(1.7)

NaTFSI

303.1

257 (234)

6.2 (5.1)

NaFSI

203.3

118 (130)

1 M NaX (LiX) in PC at 25 °C.

Mw, Tm, and σ represent the molecular weight, the melting point, and the ionic
conductivity, respectively.

2.2.2 Solvents for liquid electrolytes
In order to extend the thermodynamic voltage windows of the electrolytes, the solvents
which are employed, should be aprotic with a broad voltage window. Namely, the
solvents with the active protons cannot be used in the electrolytes for batteries.
Simultaneously, a qualified solvent for a good effective electrolyte should have a large
dielectric constant to effectively dissolve the sodium salts at a certain concentration, a
low viscosity to accelerate the mobility of Na+, an inert chemical feature toward the
cycling electrodes, a wide liquid phase window (a low melting point and a high boiling
point), and an improved safety with a high flashing point as well as an environmental
friendliness. The physical parameters for the common organic carbonates with the linear
and cyclic structures, esters, and ethers were compared in Table 2.5. While acceptor and
donor numbers are related to the HOMO and LUMO levels, the Lewis acidity/basicity
would determine the solvation properties for anions/cations as well as the interactions
between solvents and ions.[163,164] Among all solvents, ethylene carbonate (EC) with a
cyclic structure has been known for its ability to form a robust SEI film for the graphite
in LIBs, while the mixture of EC and diethyl carbonate (DEC) would further increase the
voltage range of electrolyte. Apart from the conventional organic solvents, ionic liquids
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comprising of salts in the liquid state under 100 °C have emerged as the novel reservoirs
of sodium salts for a large liquid-state range, a high electrochemical stability, a low vapor
pressure, and the non-flammability.[165-168] However, the ionic liquids were subjected
to the complex chemistry regarding the Na+ migration in these highly viscous mediums
with the relatively high prices in the present market. In the operations of batteries under
extreme conditions (-20~50 °C), it is helpful to take advantage of solvents with different
physicochemical and electrochemical properties. For most SIBs, a 1.0 M NaClO4 salt
dissolved in a 1: 1 volume ratio of EC and DEC is the favored composition of the
electrolyte.[90]
Table 2.5 Basic properties of commonly used solvents of electrolytes for SIBs.[159]
Solvent

Tm (°C) Tb (°C) Tf (°C) η (cP) 25 °C ε 25 °C

AN (DN)

36.4

248

160

1.9 (40 °C)

89.78

(16.4)

−48.8

242

132

2.53

64.92

18.3 (15.1)

4.6
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18

0.59

3.107

N

−74.3

126

31

0.75

2.805

(16.0)

−53

110

N

0.65

2.958

N

−58

84

0

0.46

7.18

10.9 (18.6)

−64

162

57

1.06

7.4

9.9 (19.2)
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−46

216

111

3.39

7.53

10.5 (14)

Tm, Tb, Tf, η (cP), ε, AN, and DN correspond to melting point, the boiling point, the flash
point, the viscosity, the dielectric constant, the acceptor and donor numbers, respectively.
Figure 2.31 further compares the ionic conductivities and viscosities of 1 M NaClO4
dissolved in various solvents and mixtures. While the solvents of DME, EC: DME, EC:
DME, and EC: DEC have relatively lower viscosities, the solvents of EC: DME, EC: PC:
DME, EC: DMC, and EC: PC: DMC have higher ionic conductivity. In addition to a
large ionic conductivity and a low viscosity, a suitable solvent for electrolyte should also
possess a high thermal stability, a broad electrochemical window, and a wide liquid
range. Naturally, the mixture of the different solvents, rather than the utilization of a
single solvent, can meet the diverse and even contradictory requirements on
physicochemical and electrochemical properties. Although DMC solvent is not involved
in the solvation of sodium-ions, its addition into the mixtures of EC: PC would greatly
lower the viscosity and ameliorate the conductivity for the electrolyte.[155]
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Figure 2.31 Conductivity (black bars and left-hand side y axis) and viscosity (green
bars and right-hand side y axis) values of electrolytes consisting of 1 M NaClO4
dissolved in various solvents and solvent mixtures.[154,155] The ionic conductivity of
1 M LiPF6 in EC: DMC is also provided for comparison.

2.2.3 Additives for liquid electrolytes
Apart from the sodium salts and solvents, limited quantities of the additives (<10 wt. %)
are employed to remedy the fundamental defects of the electrolytes. Additives are often
selected to sacrificially react at the interfaces between the electrodes and the electrolytes
and further tune the chemical composition of the SEI layer. Particularly, the addition of
the suitable compounds in the electrolyte would effectively promote the electrochemical
performances and enhance safety for anode materials in SIBs. To facilitate the
decomposition of additives and formation of a robust SEI film, the LUMO energy levels
of additives should be lower than that of the electrolyte solvents.
The rapid development of electrolyte additives for LIBs[161] has led to many new
options for SEI formation, however, the most common additive for electrolytes in SIBs is
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fluorinated ethylene carbonate (FEC), which has a structure similar to that of EC.
Because the replaced fluorine atom has strong electronegativity, its bond with carbon
atoms would tend to attract electrons, leading to the fast reduction of FEC additive in
electrolyte and the subsequent formation of the chemically/structurally stable SEI
films.[169,170] When added into the electrolyte using PC solvent for hard carbon anodes,
the FEC additive could enable the formation of a robust and thin SEI layer, which can
facilitate the Na+ transport at the electrode surface and suppress the continuous
decomposition of electrolyte.[155] Even when compared with the vinylene carbonate
(VC), the ethylene sulfite(ES), and the difluoroethylene carbonate (DFEC) additives, the
FEC additive proves to yield the best electrochemical performance for hard carbon
anodes.19 Even though the FEC additive for electrolytes is beneficial to the SEI formation
in hard carbon anodes, it is detrimental to the electrolyte system (EC: PC) which already
has a strong capability in constructing the high-quality SEI films.[49]
When it comes to the high-capacity anode materials based on the multi-electron
reactions, the addition of FEC is mandatory to ameliorate the electrochemical
reversibility and cycling stability. In applications of Sn-based[138], Sb-based[171-174],
P-based[97,103,115,130,175], and conversion-type[176,177] anode materials for SIBs,
the FEC additive has been utilized to form a robust SEI layer on the surface of the
electrodes which can accommodate the huge volume expansion/shrinkage and inhibit the
side reactions at the electrode-electrolyte interface.
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Chapter 3

3

Electrochemical and Physical Characterizations

The electrochemical measurement is a principal method to examine the practicability of
electrode materials in batteries. At the same time, the physical characterizations are
employed to uncover the relationships between their properties and performances.
Critically, the powerful spectroscopic and morphological techniques would not only
provide the basic information of a pristine electrode material, but also reflect its structural
evolution and phase transformation during the discharging and charging processes. In this
chapter, the basics of the electrochemical measurements are firstly provided, while the
fundamentals of general characterizations and synchrotron-based X-ray techniques are
further introduced.

3.1 Electrochemical Measurement
As one of the most vital methods to evaluate the electrochemical properties of electrode
materials in batteries, a typical electrochemical measurement involves material synthesis,
electrode fabrication, and battery testing. It is necessary to give concise descriptions for
the different procedures.

3.1.1 Material synthesis
Since carbon-based and phosphorus-based materials have been selected as two major
topics in this doctoral work, various methods are utilized to prepare the electrode
materials.
In the first part, a commercial N330 carbon black was used as a pristine material for the
next thermal treatments. Typically, 500 g of N330 carbon powder in a fused silica boat is
heated up to 1050 °C in a fused silica reactor. Then the special gas (NH3 or CO2) is
directed into the high-temperature silica reactor. After reacted with the special gas in a
certain time, a sample with a corresponding weight loss can be obtained. Based on the
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interactions between the special gases and the pristine carbon blacks, the desirable
porosity and surface functionalities can also be achieved. Furthermore, the CO2-etched
carbon blacks were further treated under H2 atmosphere to remove these surface
functionalities.
In the second part, the commercially available red phosphorus and the porous carbon
(Ketgen black) were applied as the starting materials. A simple planetary ball-milling
method was employed to fabricate the phosphorus/carbon composites. Importantly, the
weight ratio of P to C is 7: 3. At the beginning, the pristine materials were mixed with the
iron steel ball-milling balls in a steel vial under Argon atmosphere. Particularly, the
weight ratio of steel balls to pristine materials is 20: 1. At the same time, all steel balls are
composed of three balls with the different diameters (3, 5, 8 mm) in a weight ratio of
1:1:1, respectively. After ball milled for 24 hours at 600 rpm, the P/C composites can be
obtained.

3.1.2 Electrode fabrication
According to well-established technologies in LIBs, a representative electrode fabrication
is a uniform coating of active materials by the binders and the conductive agents onto the
current collectors. Normally, the active materials, the binders, and the conductive agents
are firstly dissolved into the relevant solvents at a certain weight ratio (8: 1: 1 or 7: 1.5:
1.5). After thoroughly mixed by hand or machine, the as-prepared homogeneous slurry is
then casted onto a flat current collector and further dried in an oven under vacuum. For
the carbon-based electrodes, the content of active materials is 80 wt.%, while the solvent
is N-Methyl-2-pyrrolidone (NMP) and the binder is poly(vinylidene difluoride) (PVDF).
For the phosphorus-based electrodes, the content of active materials is 70 wt.%, while the
solvent and the binder are NMP and PVDF or water and aqueous binder.
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3.1.3 Battery testing

Figure 3.1 The illustrations of battery testing procedures.
As shown in Figure 3.1, battery testing procedures can be divided into electrode
preparation, sample transfer, coin cell assembly, and testing.
Initially, the as-dried electrodes are punched into½ inch pellets which are further pressed
under a certain pressure with a corresponding loading mass. After weighed by a highprecision balance, the electrodes are transferred into an Ar-filled glove box. Then a 2032type coin cell is assembled using a sodium foil as anode, several polymer separators, and
an electrode as cathode in a corresponding electrolyte.
The galvanotactic charge/discharge tests are performed in a certain voltage range at
different current densities under room temperature by an Arbin BT-2000 Battery Tester
or a LAND (Wuhan Kingnuo Electronics, China) cycler. The cyclic voltammetry (CV)
measurements are conducted by a versatile multichannel Biologic VMP3 electrochemical
station at different rates, while the electrochemical impedance spectra (EIS) are collected
at an AC voltage of 5 mV amplitude in the frequency range of 100 kHz to 0.01 Hz.
For carbon-based electrodes, the electrolytes are 1.0 mol L-1 sodium triflate (NaCF3SO3,
98%, Sigma Aldrich) dissolving into DEGDME (98.9%, Sigma Aldrich) and EC/DEC
with 1:1 in volume ratio (Sigma Aldrich), respectively. The separator is a polypropylene
membrane (Celgard 2400). For phosphorus-based electrodes, the electrolytes are 1.0 mol
L-1 sodium perchlorate in a mixing solution of ethylene carbonate(EC) and diethyl
carbonate electrolyte(DEC) (1: 1 in volume) with and without 10 wt.% addition of FEC.

118

The separator is a polypropylene membrane (Celgard 3501). All sodium salts and
solvents for electrolytes have been fully dried before first use.
Based on the different procedures for an electrochemical measurement, all chemicals and
materials in the experimental sections are listed in Table 3.1.
Table 3.1 Chemicals and materials in the experimental sections.
Chemical/Material

Formula

Purity

N330 carbon black

C

N/A

C

N/A

AkzoNobel

Red phosphorus

P

97%

Sigma-Aldrich

Sodium triflate

NaCF3SO3

98%

Sigma-Aldrich

Sodium perchlorate

NaClO4

98%

Sigma-Aldrich

N/A

Sigma-Aldrich

(C₂ H₂ F₂ )n

N/A

Alfa Aesar

C8H15NaO8

N/A

EMD Milipore

(C3H4O2)n

N/A

Sigma-Aldrich

(C6H9NO)n

N/A

Sigma-Aldrich

Ketjen black
EC600JD

Molecular sieves 4 Å Na12[(AlO2)12(SiO2)12]·xH2O
Poly(vinylidene
difluoride) (PVDF)

Supplier
Sid Richardson Carbon
Corporation

Sodium
carboxymethyl
cellulose (Na-CMC,
low viscosity)
Poly(acrylic acid)
(PAA, ~100,000)
Polyvinylpyrrolidone
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(PVP, ~1, 300, 000)
Polyethylene glycol

C2nH4n+2On+1

N/A

Sigma-Aldrich

C56H103N9O39

N/A

Sigma-Aldrich

Acetylene black

C

N/A

China

Copper foil

Cu

N/A

China

C5H9NO

98%

Sigma-Aldrich

C3H4O3

99%

BASF

H2O

N/A

Canada

(C2H5O)2CO

99%

BASF

C3H3FO3

99%

BASF

Ammonia

NH3

99%

Canada

Carbon dioxide

CO2

99%

Canada

Hydrogen

H2

99%

Canada

(PEG, 2000)
Chitosan(CHI, low
molecular weight)

N-Methyl-2pyrrolidone (NMP)
Ethylene carbonate
(EC)
Distilled water
Diethyl carbonate
(DEC)
Fluorinated ethylene
carbonate (FEC)

3.1.4 Electrochemical impedance spectroscopy
In physics, the electrical resistance, representing the ability of a circuit element to resist
the flow of electricity, can be calculated by the ratio of voltage to current in the Ohms’
law. Namely, the resistance value for an ideal resistor can be obtained by an input direct
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voltage (DC) signal and an output current response in the same phase without reliance on
their frequencies. However, it is hard to understand the practical circuit elements with the
very complicated behaviors in the electrochemical devices.
The concept of impedance is proposed to describe the capability for resisting the flow of
electricity in a practical electrochemical system. Similarly, a voltage is also applied for an
electrochemical cell and a corresponding current through the circuit is further collected
for electrochemical impedance. But this constant alternating current (AC) potential with
sinusoidal frequencies would stimulate the current feedback along with the relevant
frequencies. While cyclic voltammetry (CV) measures the peak currents and potentials
during the anodic and cathodic processes, electrochemical impedance spectroscopy (EIS)
collects the responses or signals as a functional of the input frequency. This
characterization technique can take advantage of mathematics to analyze a sum of
sinusoidal functions and provide a wealth of information regarding the interfaces,
structure, and reactions for electrode materials in electrochemical systems. If only a small
excitation signal is used for EIS, the current response is assumed to be pseudo-linear.[13]
To understand the electrochemical impedance for a typical battery, it is necessary to
specify the physicochemical reactions inside the electrodes.
Step 1. The electrons would reach the surface of active materials and further move across
their inner structures. Simultaneously, the ions would facilely migrate through the
electrolyte.
Step 2. The ions diffuse through the SEI layers on the surface of active materials.
Step 3. The electrochemical reactions of the charge transfer happen at the combining sites
of electrons and ions.
Step 4. The ions further diffuse through the solid particles of active materials.
Step 5. The accumulation and consumption of ions may change the crystal structures of
pristine active materials and lead to the emergences of new phases.
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Figure 3.2 Schematic illustration of a composite electrode in LIBs.[4]
Even though the major reaction in a typical battery is the charge transfer process for ions
and electrons, the transport of electrons and the diffusion of ions also influence the
kinetics of electrochemical reactions. Figure 3.2 illustrates the representative ionic and
electronic migrations in a composite electrode for LIBs. The electronic conduction should
be related to the electrical resistances of metallic aluminum (current collector), oxidized
film, carbon blacks, and active materials. At the same time, the ionic conduction would
be determined by the ionic resistance of electrolyte and the ionic diffusion in SEI layer as
well as active materials.
To clarify the electrochemical and physicochemical reactions, a circuit with various
elements and parameters is simulated. Initially, a resistor can be applied to describe the
ohmic/electrolyte/internal resistance. Simultaneously, a SEI resistor and a SEI capacitor
in parallel can be used to reveal the ionic diffusion through the SEI layer of active
materials. Additionally, a charge transfer resistor and a charge transfer capacitor in
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parallel can be employed to represent the electrochemical reactions between ions and
electrons. The Warburg resistance corresponds to solid-state diffusion of ions across the
inner particles of active materials. It is generally hard to obtain the resistances for ions
accumulation/consumption and phase evolution/formation.

3.2 X-ray Diffraction
3.2.1 Working mechanism
As the electromagnetic wavelengths of X-rays are comparable to the interatomic
distances of materials, the interactions between X-rays and materials would lead to the
constructive and destructive interferences of different scatterings. This obvious
phenomenon, which is called X-ray Diffraction (XRD), can be used to identify the
crystalline structure and atomic configuration. Specifically, X-rays interact with matter in
three different ways for diffraction.[5-7] In the first place, the inelastic (Compton)
scattering may proceed when the incident X-ray photons collide with the loosely bond or
free electrons. While the partial photon energy is transferred to the kinetic energy of
electrons after collisions, the wavelength of scattering beams would become relatively
longer than that of the pristine X-rays. But the Compton radiation is generally excluded
from the diffraction, due to the unclear relations between the inelastic scattering beams
and the incident X-rays. Secondly, the X-rays may be absorbed and transmitted by a
certain substance. In this process of photoionization, the electrons excited by the incident
photons could be ejected from the bound atomic states. At the same time, other photons
may be sacrificed in the random directions during the scattering. Finally, the elastically
scattered electrons would oscillate at the same frequency of the incident X-rays, which is
named coherent (Thompson) scattering. In other word, the wavelength of the coherently
scattered beams would remain unchanged and no resultant photon energy is left in the
electrons. Because the two inelastic scattering processes are neglected in most conditions,
it is approximately accepted only coherent scattering contributes to the diffraction of
periodic lattices in a crystalline structure. Even though most interferences are destructive
when electromagnetic waves are combining out of phase, a very few interferences are
constructive when the scattered X-rays on atoms and the incident X-rays are entirely in
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phase and mutually reinforcing. Consequently, a detectable diffracted beam consisting of
many scattering beams could be obtained to clarify the long-range orderly periodic
arrangements of atoms in crystalline materials.
To understand the relationship between the incident X-rays and the scattered X-rays, the
Bragg’s law is proposed to quantify the diffraction of X-rays and crystal structure. As
shown in Figure 3.3, the angle between the incident X-rays and the reflection plane is the
same as that between the corresponding diffracted X-rays and the reflection plane.
Additionally, the angle between the diffracted X-rays and the corresponding transmitted
X-rays is always 2θ, which is called the diffraction angle. In the Bragg equation of Figure
3.1, λ is the wavelength of the incident X-rays and d is the interplanar spacing of a
crystalline structure, while n as the order of reflection is the number of wavelength with
different path lengths among the diffracted X-rays. Because all atoms in the crystal
materials are arranged in a regular periodic array, it is easy to achieve noticeable
diffraction X-rays in the certain directions, which would cast a light on identification of
phases and structures.

Figure 3.3 Diffraction of X-rays and a crystalline structure in the Bragg
condition.[8]
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Compared with the amorphous materials with a short-range order and the isotropic
properties, the crystalline materials are normally long-range ordered and anisotropic.
According to different symmetry elements, the crystal systems can be divided into seven
types, as compared in Table 3.2.
Table 3.2 Seven crystal systems with characteristic symmetry elements.[6,7]
Crystal system Constraints

Constraints

Cubic

a = b = c, α = β = γ = 90°

Tetragonal

a = b ≠ c, α = β = γ = 90°

Orthorhombic

a ≠ b ≠ c, α = β = γ = 90°

Hexagonal

a = b ≠ c, α = β = 90°, γ = 120°

Trigonal/Rhombohedral

a = b = c, α = β = γ ≠ 90°

Monoclinic

a ≠ b ≠ c, α = γ = 90°, β ≠ 90°

Triclinic

a ≠ b ≠ c, α ≠ β ≠ γ ≠ 90°

Parameters a, b, and c represent lengths of a crystallographic unit cell, while α, β, and γ
indicate the angles between them.

3.2.2 Instrumental configuration
Theoretically, the electromagnetic radiation is produced with acceleration or
deacceleration of the electric charge. In laboratory, an X-ray tube, comprising a cathode
of filament and an anode of metallic target under vacuum, is applied to obtain the
electromagnetic waves. At the beginning, the thermal electrons are released from a
filament cathode and further accelerated by a high voltage between two electrodes. When
the high-speed electrons with the sufficient kinetic energies are bombarding the highpurity anode plate, the continuous X-rays with different wavelengths are generated.
Importantly, the accelerating voltage providing the kinetic energies of electrons would
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determine the wavelength distribution. If an electron is ejected from K shell of atom by
an incident electron, another electron from a higher energy (L, M, etc.) would reoccupy
this vacancy. The characteristic X-rays of a metallic anode can be emitted due to these
electron transitions between different shells. As the X-ray diffraction requires a
monochromatic source, the Kα radiation with a highest intensity is usually selected by
isolating the background of continuous and other characteristic radiations.[5-7]
Even though XRD is a powerful and rapid technique to confirm the phase and structure
of an unknown material with a simple procedure, it still need a standard reference of
inorganic compounds. Additionally, the homogeneous and single phase is preferred,
while the characterization limit of sample in a complicated system is 2 wt.%. Moreover,
the structural analysis for a non-isometric crystal system is more complicated and the
overlay of the peaks may happen in the high angle reflections.

3.3 Infrared and Raman Spectroscopy

Figure 3.4 The electromagnetic spectrum.[9]
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3.3.1 Molecular background
Based on the different wavelengths and the photon energies, the electromagnetic
radiation has various types, ranging from the radio waves to the gamma rays. As shown
in the electromagnetic spectrum of Figure 3.4, a certain electromagnetic wave is
produced with a fixed frequency by a corresponding light source. In the X-ray diffraction,
the spectroscopy is studying the interactions between X-rays and matters, when the X-ray
wavelength is analogous to the atomic distance of a crystalline structure. Similarly, an
electromagnetic wave would interact with a material, which has a comparable size to the
wavelength.
Based on the wavelengths, the infrared light can be divided into three regions, including
near infrared (12500~4000 cm-1 or 0.8~2.5 µm), mid infrared (4500~400 cm-1 or 2.5~50
µm), and far infrared (400~12.5 cm-1 or 50~800 µm). At the same time, the visible light
has a region of 27778~13333 cm-1 or 0.36~0.75 µm. Both infrared and visible lights are
ideal for investigating the molecular vibrations.
Generally, a molecule has a relevant number of atoms with the elastic bonds. The motion
of atoms in the certain ways can be named the degrees of freedom, including electronic,
translational, rotational, and vibrational. The electronic motion refers to the change of
electrons in energy levels or spin directions, while the change of a whole molecule in
positions is translational motion. When a molecule is rotating around its mass center, this
situation is rotational motion. If all atoms in a molecule have periodic movements with
the same phase and frequency, the regular superposition of all atoms is vibrational
motion. Importantly, the vibration spectra would directly reflect the atomic masses, the
geometric sequences, and the chemical bonds for compounds with molecular
behaviors.[10]

3.3.2 Working mechanism
Literally, the infrared spectroscopy (IR), focusing on the interactions between infrared
lights and matters, is a primary method to observe the molecular vibrations. When the
frequency of an infrared light collides with the vibrating frequency for a molecule, the
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photons will be absorbed, and the vibrating frequency will be changed. Namely, the
molecule will be excited to a higher vibrating energy level after absorbing the infrared
light. Because the structure configuration and the chemical bonds of a molecule would
determine the frequency and the intensity of the absorbing infrared radiation, the IR
subsequently provides the fingerprint information for different compositions. while the
change of bond lengths results in stretching vibration, the change of bond angles leads to
deformation vibrations, which would consist of bending, twisting or torsion, wagging and
rocking modes. In the case of organic compounds, the characteristic vibrations often
emerge between 4000~1500 cm-1. Because of the heavy atoms for inorganic compounds,
the characteristic vibrations usually appear at the lower frequencies. Particularly, the
stretching vibration, as a major form of the molecular motion, should be attributed to the
functional groups in compounds. Moreover, the intensity of a characteristic feature for IR
is proportional to the concentration of this phase in the components. After spectra
retrieval, it is helpful to quantitatively understand the detailed structures of the
molecules.[10-12]
Furthermore, the Raman spectroscopy, taking advantage of the scattering between visible
or near-infrared (NIR) lights and matters, can be employed to measure the vibrational
characteristics. Similar to the X-ray scattering, the Raman scattering concentrates on the
changes of directions and energies for the incident photons after the distortions of the
electronic cloud and the nuclei. In most probable situation, only electronic cloud will be
disturbed by the incident photons and the photons will be scattered with the negligible
energy losses. For molecules, this elastic scattering can be called as Rayleigh scattering.
In the rest of possibility, the nuclei motion can be induced in a scattering process, as the
energy would be laterally transferred between a molecule and the scattered photons. This
inelastic scattering process, accompanying with the changes of frequencies and energies
from the incident to scattered photons, is Raman scattering. The infrared absorption can
directly excite the molecule to a higher vibrating energy level by photons matching the
energy difference between the pristine and excited levels. But the Raman scattering needs
a much higher energy radiation to excite the molecule, as the scattered photon would take
away a part of the incident photon energy. Additionally, the polarization of the electronic
cloud is more obvious in symmetrical vibrations for Raman scattering, while the infrared
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absorption is more intense in asymmetrical variations for IR. Based on the difference
between Raman and infrared spectroscopies, it is necessary to combine them together for
complimentary understandings on the molecular vibrations.[10,11,13,14]

3.3.3 Instrumental configuration

Figure 3.5 Schematic diagram of a typical Michelson interferometer for FT-IR
spectroscopy.[15]
Even though the dispersive infrared spectrometers are initially used, a very different
method gradually emerges as a competitive substitute in collecting the IR. The Fouriertransform infrared (FT-IR) spectrometer, based on the interferogram resulted from the
interference of radiation between two beams, is a typical technique to obtain an
absorption or emission spectroscopy for a solid, liquid, or gas. While the dispersive
instrument individually measures the absorptions of a monochromatic light at each
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wavelength, the FT-IR technique directly applies a beam comprising lights with different
wavelengths at once and examines the interferogram between two beams with different
pathlengths. After repeated for many times, the raw data of interferogram can be
converted into light absorption at each wavelength by a mathematical method of Fourier
transform (FT). Consequently, the FT-IR instrument has several advantages, including a
rapid data collection, a higher resolution, a lower detection limit, and a greater energy
throughput. As illustrate in Figure 3.5, the Michelson interferometer is a common tool for
FT-IR characterizations. Normally, the infrared light from a polychromatic source after
collimation would encounter with a beam splitter. As 50% of the light is refracted toward
the stationary mirror, another 50% is transmitted toward the moving mirror. The light
after refracted from two mirrors will return to the beam splitter and orderly pass through
the sample with the partial loss of photon energies. After refocused on detector, the signal
difference of optical pathlengths for two beams can be amplified and transferred into the
infrared absorption or emission spectroscopy.[12,16,17]

Figure 3.6 Schematic diagram of the process to collect the Raman
spectroscopy.[18,19]
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In the theory of Raman spectroscopy, the intensity of the scattering should be related to
the square of probability for the molecular polarization, the power of laser for the
scattering excitation, and the fourth power of the frequency for a laser. In addition to one
molecular factor, there are two instrumental factors in consideration of the Raman
scattering. Even though the utilization of a highest frequency in the ultraviolet region
would improve the Raman sensitivity, the relatively high-energy photons are more likely
to induce the sample degradation via an instantaneous burning. Moreover, the resonance
from any electronic transition may further lead to the deviations of Raman spectroscopy
by absorption phenomena. Similar to the FT-IR instruments, the techniques to obtain the
Raman spectra are dispersive and Fourier-transform (FT) spectrometers. A dispersive
spectrometer is composed of a visible laser as an exciting source, a dispersive
spectrometer and a charge-couple device (CCD) as the detectors. At the same time, a FT
spectrometer consists of an NIR laser for excitation and an interferometer-related section
to generate the spectrum by a FT method. Figure 3.6 illustrates the operating process to
obtain the Raman spectra in a dispersive spectrometer.[18,19] Initially, the
monochromatic visible lights from a laser would interact with a flat sample on the glass
plate. Two parts of light would be individually absorbed and transmitted, while another
part could be scattered. The elastically scattered light with a higher probability would be
blocked by a notch filter, while the inelastically scattered light in Raman scattering with a
lower possibility can be dispersed based on wavelength and further detected by a CCD.
After processing the raw data by the software, the Raman spectroscopy can be achieved
to study the molecular structures and chemical bonds.[13,14]

3.4 Transmission and Scanning Electron Microscopy
3.4.1 Working mechanism
Basically, all materials, including metals, crystals, ceramics, and inorganic compounds,
are assembled from a certain number of molecules and atoms. Because the molecular
structures and the atomic configurations directly influence the properties of materials, the
materials scientists are fascinated by the building blocks and structural principles of the
interior world. The most straightforward way is to visualize the microstructure through a
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microscope, considering the limitations of the human eye in the spatial resolution. As a
light-optical compound microscope possesses at least two lenses (objective to magnify
and eyepiece to observe), the increases of dimension and number for lenses would
improve the magnification, which are related to the resolution as the distance between
two observable points. For an advanced light microscope with 1000x magnification, the
human eye can have a resolution of 0.002 mm, which is better than 0.2 mm of unaided
human eye. Unfortunately, it is impossible to reach the high resolution of several hundred
nanometers, due to the bottlenecks in the qualities and the numbers of lenses as well as
the wavelengths of lights for illumination. The accelerating electrons in vacuum with the
relatively shorter wavelengths are suggested as the replacements for the normal photons
in visible light with a wavelength region of 0.36~0.75 µm. Additionally, the electric and
magnetic fields, rather than glass lenses and mirrors in a light microscope, are employed
to control the electrons under vacuum. Later, the electron microscopy with an ultrahigh
resolution is design and built on basis of the interactions between electrons and
materials.[20]

Figure 3.7 Scheme representing the interactions of an electron beam with a solid
sample.[21]
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The electron-solid interactions, as illustrated in Figure 3.7, can be divided into the elastic
and inelastic processes, according to the changes of directions and energies for the
incident electrons, in addition to the absorption of electrons based on the composition and
thickness of specimen.
In the elastic interactions, the electrons without an interaction with the sample and the
subsequent energy loss would generate a direct electron beam. If the incident electron is
deflected by its interaction with the atomic nucleus inside the electron cloud, the
elastically scattered electron would undergo a wide-angle directional change with no or
negligible energy loss. The signals resulted from the elastic scattering process are
generally used in transmission electron microscopy (TEM) and electron diffraction
methods. Moreover, the electrons elastically scattered with an angle of more than 90° are
backscattered electrons (BSE), which can be applied to image specimens. For inelastic
interactions, the substantial energy would be transferred from the primary electrons to the
atoms in samples. Specifically, the value of energy loss is dependent on the excitation of
electrons in atoms of samples and the corresponding binding energies.[22,23]
As the striking behaviors of incident electrons on the specimen surface would trigger the
ionization of the sample atoms, the loosely bound or free electrons could be emitted as
the secondary electrons, which are used to visualize the surface texture and roughness in
the scanning electron microscopy (SEM). Moreover, Bremsstrahlung X-rays could be
induced as a high-energy electron in the electron cloud is retarded by the Coulomb force
of atomic nucleus in the sample. When an incident electron ejects an inner-shell electron
in an atom of the sample, an outer-shell electron would jump into an inner shell of the
vacancy to balance the charge state in different orbitals. The characteristic X-rays will be
generated in the electronic transitions, while the deceleration of incident electrons in
collision with the electron cloud and the nuclei of atoms would result in a continuous Xrays background. Because an outer-shell electron may fall back into a vacant inner-orbital
after an atomic ionization, an Auger electron may be produced to release the excess
energy. Cathodoluminescence, as another process to stabilize the atomic structure of the
specimen, could release the extra energy with an emission of the infrared, the visible, or
the ultraviolet light.[22,23]
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3.4.2 Instrumental configuration

Figure 3.8 Schematic cross-sections of imaging modes in the light microscope,
transmission electron microscope, and scanning electron microscope.[24]
In the wake of the engineering technologies, the configuration of a microscope is
equipped with an advanced vacuum system and different lenses toward an ultrahigh
resolution. Figure 3.8 compares schematic cross-sections of image modes for three
typical microscopes, including light microscope (left), transmission electron microscope
(middle), and scanning electron microscope (right). All microscopes have illumination
sources to emit the visible light or electrons, which can be focused on the specimens
through condenser lenses. In the light microscope, the visible light passed through the
sample has the first magnification in the objective lenses and the second magnification in
the eyepiece lenses.
When it comes to transmission electron microscope, an electron gun, the electromagnetic
lenses and a fluorescent screen take the places of the visible light source, objective and
eyepiece lenses, respectively. The most important consideration is a high vacuum
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condition of electron optical column to prevent the sample contamination and the electron
degradation. Generally, an electron gun in a transmission electron microscope consists of
a filament, a Wehnelt cylinder, and an anode. The electrons, extracted from the electron
cloud of a high-temperature filament, can be accelerated to form a highly stable electron
beam by a strong electric field. After collimated by the condenser lenses, the parallel
electron beams would go through the specimen and the elastically scattered beams after
magnified would be projected on the fluorescent screen for visualization. Therefore, the
thickness of specimen must be 0.5 micrometers or less thick, in case of the electron
absorption. In terms of the transmission electron microscope, the absorption of electrons
(amplitude contrast), the scattering over small angles (phase contrast), and the scattering
in very distinct angles (diffraction contrast) would contribute to the image formation of
amorphous and crystalline materials. Furthermore, the kinetic energy loss for electrons
upon the inelastic scattering can be obtained as the electron energy loss spectroscopy
(EELS) to determine atomic configuration and chemical information of a
sample.[22,25,26]
Inherited the basic principles of light microscope and transmission electron microscope, a
scanning electron microscope is composed of an electron gun as illumination source,
condenser lenses to concentrate an electron beam, two objective lenses to magnify the
collimated beams, a specimen platform below lenses, and a detector to collect signals in a
high-vacuum environment. Importantly, the characteristics X-rays for the sample, due to
the electron transitions from the outer orbitals to the inner vacancies, can be employed as
the energy-dispersive X-ray spectroscopy (EDX) to determine the elemental composition
of the specimen.[22,23]
There are several differences between SEM and TEM: 1) TEM would provide a broad
static beam, while the SEM would enable the beam to focus on a fine point for scanning
line by line in a square region. 2) The SEM is a sequential recording system rather than a
parallel recording system for TEM, then the time of image formation in SEM is relatively
quicker than that of TEM. 3) Because TEM needs the electron beam to penetrate a very
thin sample, its accelerating voltage is much higher than that of SEM. Simultaneously,
the thickness of SEM sample is more flexible. 4) The TEM image displays the two-

135

dimension information of the sample, while SEM image shows the surface information of
the specimen.

3.5 Synchrotron-based X-ray Techniques
3.5.1 Synchrotron radiation
As a kind of physical phenomena for light observed in 1940s[28,29], synchrotron
radiation was resulted from the acceleration of charged electrons or positrons
approaching the speed of light. Affected by the magnetic field in a curved orbit,
accelerated electrons or positrons can produce electromagnetic radiation tangentially to
the orbit. The tentative applications of synchrotron radiation facilities for research can
trace back to the accessibility of a high-energy particle accelerator and a storage ring
from 1950s~ 1970s[29]. As shown in Figure 3.9, a typical synchrotron radiation facility
consists of a LINAC (linear accelerator), a booster ring, a storage ring, several bending
magnets, several RF (radio frequency) cavities, and various beamlines. The electrons,
ejected from an electron gun by heating a cathode to ~1000°C under a direct current at a
high voltage, are directed into LINAC and accelerated to a speed very close to the speed
of light in a strong electric field. Then the electrons are moved into booster ring to attain
99.9999985% of the speed of light through further acceleration. After transferred into a
storage ring, the electron beams with energy about ~GeV can emit synchrotron radiation,
when their velocities are influenced by a magnetic field from the bending magnets. In
order to maintain the experiment for several hours, the energy loss for electron beams by
synchrotron radiation is replenished by a RF cavity applied to increase or keep speed of
electron beams[30,31]. In Canadian Light Source (CLS), the injection of electron beams
proceeds every 8 hours.
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Figure 3.9 Schematic diagram of a typical synchrotron radiation facility.[30]
When compared with the traditional light sources, the synchrotron radiation has several
remarkable advantages[32]: 1) The tunability of photon energy ranging from the infrared
radiation and the ultraviolet to the soft and hard X-rays; 2) The high brightness and flux
allowing for detecting signals from the most minor changes of materials structures and
precisely providing the high-resolution spectra; 3) A highly collimated and fine beam can
be concentrated in a small area, which is useful for identifying the negligible changes in
the atomic structures and the abundant chemical information; 4) By monitoring a bending
magnet and a RF cavity, the pulsed synchrotron radiation with a few nanoseconds
between the pulses, can provide us an accurate time structure. At the same time, X-rays
are gradually recognized as a sharp weapon in exploring the structural secrets of
materials. As the wavelengths of the X-rays are comparable to the atomic distances of
most materials, it is desirable to apply advanced X-ray techniques to identify atomic
structures in crystalline materials. Similarly, the comparability between the X-ray
energies and the core-electron binding energies, further facilitate the X-ray absorption
and X-ray florescence methods on probing the core-electron binding energies ,which only
reply on the atomic number of an absorption atom.[33]
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3.5.2 X-ray techniques
Based on the three different interactions between X-rays and matters (inelastic and elastic
scattering, absorption), the versatile synchrotron-based X-ray devices are developed and
adopted to study the chemical structures of materials. For X-ray scattering, there is X-ray
diffraction (XRD) spectroscopy, while for X-ray absorption, there are X-ray absorption
spectroscopy (XAS), X-ray emission spectroscopy (XES) or RIXS (resonant inelastic Xray scattering), and X-ray photoemission spectroscopy (XPS), due to the different
excitation and de-excitation processes for the core hole of an absorption atom.
Additionally, UPS (ultraviolet photon spectroscopy) and AES (Auger electron
spectroscopy) involve the excitation of electrons at the valence band. Figure 3.10
introduces the detailed excitation processes of core-hole level electrons for the specific
elements. The different photon in-electron out spectroscopic techniques (XPS, UPS,
AES) and photon in-photon out spectroscopic techniques (XAS, XES, RIXS) can provide
fruitful electronic structure information concerning the chemical potential, the occupied
and unoccupied electron states for the specific elements.[34]

Figure 3.10 Excitation and de-excitation process of electrons in the samples for
different X-ray core level and non-core level spectroscopies.[35] Photon-in-electron-
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out techniques are more surface sensitive probes comparing with photon-in-photon-out
spectroscopy. PES (Photoemission spectroscopy) detects electrons directly excited by
incident photons, which is sensitive to the chemical and physical environment of the
specific element. XAS, XES and RIXS involve decay process after the excitation, which
corresponds to the unoccupied states (XAS), occupied states (XES), detailed band
structure and low energy excitations such as charge transfer (RIXS).
Specifically, XAS technique can be divided into the X-ray absorption near edge structure
(XANES), which involves the energy region just below to 10 eV above the absorption
edge, the near edge X-ray absorption fine structure(NEXAFS) with the energy region
between 10 and 50 eV above the absorption edge, and the extended X-ray absorption fine
structure (EXAFS), which involves the energy region from 50 to 1000 eV above the
absorption edge. Benefitted from its element-specific property and a high sensitivity
toward structural arrangements and chemical environments, the XANES can provide the
information about the local charge state, the coordination number as well as type, and the
magnetic moment of the central absorber, while EXAFS can provide the information
about the number, the identity, and the distance (0.02 Å) of the neighboring atoms.[36]
Particularly, the tunable photon energies for the synchrotron-based X-rays could locate
the energy scanning region around the absorption edge for the specific elements and
observe the weakest changes in the chemical states and the structures for electrode
materials during the reactions.

3.5.3 Detection capability
Because the X-ray absorption would emerge when the energy of the incident X-rays is
sufficient of exciting a core electron from the absorbing atom to the continuum state. The
energies of characteristic X-rays from the absorption radiation should correspond to the
binding energies of excited electrons in the pristine shells (K, L, M, etc.). Similarly, the
absorption edges for specific elements can be denoted as K, L1, L2, L3, M1, etc., referring
to the excitations of electrons in 1s, 2s, 2p1/2, 2p3/2, 3s orbitals, respectively. Before the
absorption edge, the emergence of the minor pre-edges peaks may be originated from
transitions of electrons from core levels to higher orbitals, such as the electron transition
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from s to p orbitals. As the photons irritated from the X-ray absorption have a relatively
higher energy in EXAFS, the single scattering with the nearest neighboring atoms
becomes more obvious, compared with the multiple scatterings with all neighboring
atoms in NEXAFS.[37]
According to the X-ray absorption coefficient of the specific elements in different energy
regions, the hard X-rays with the photon energies around 5~10 keV can measure at
element K edge for X-ray absorption by 1s core states, due to the its testing suitability to
elements with low atomic numbers and first row transitional metals. This informationrich transitional metal K-edge XAS can elucidate the oxidation state of chemical species,
their site symmetries, and the covalent bond strengths by detecting the electronic and
local structures of transitional metal ions. Furthermore, the soft X-rays with the lower
photon energies about 150-1200 eV, can be employed in XAS by measuring L2,3 edges of
transitional metals and K edges of C, N, O, F as well as B. Critically, the XAS for soft Xrays is also highly suitable for detecting the chemical and structural information on the
surface.
Since the brilliant lights with high energy levels can easily penetrate through the
electrode with a certain thickness. all two-dimension chemical information in different
layers can be integrated into a comprehensive three-dimension structural evolution for the
electrochemical reactions. Furthermore, the highly collimated synchrotron based X-ray
beams with an outstanding flux leading to a high resolution and a high signal to noise
ratio for the spectroscopic characterization, ensure the high-quality of the spectroscopic
data, which could also be benefited from the tunability of light sources.[38] Without
damaging or destroying electrode materials and affecting the processes of the airsensitive electrochemical reactions, the in-situ information regarding the structural
changes and the phase transformations can be obtained via the synchrotron-based X-ray
techniques.
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Chapter 4

4

Utilizing the Full Capacity of Carbon Black as Anode for

Na-ion Batteries via Solvent Co-intercalation
4.1 Introduction
Since the successful commercialization of lithium-ion batteries (LIBs) in the portable
electronics market, the geological concentration of lithium sources, along with the
soaring price of Li in recent years, led to the development of sustainable and affordable
energy storage systems[1,2]. Sodium-ion batteries (SIBs), which benefit from the natural
abundance of sodium and the similar electrochemical reaction mechanisms to lithium
counterparts, have been frequently revisited and suggested as competitive alternatives for
LIBs, especially in applications of large-scale grid energy storage[3-5]. However, shifting
the charge carriers from the lithium ions to sodium ions would inevitably trigger kinetics
issues relating to the larger ionic radius of Na+ (1.02 Å), and the energy density
disadvantages regarding the higher redox potential (−2.71 V vs. SHE) as well as the
larger atomic weight[6]. The relatively low desolvation energy for the Na ion and the
comparatively small activation energy for Na ion diffusion may envision the great
potential for high-performance SIBs[7,8].
Considering the safety issues surrounding the direct use of metallic sodium as an anode,
such as its low melting point (97.7 °C) and dendritic growth, carbonaceous materials
have been considered promising alternatives. However, due to the difficulty of sodium
intercalation into graphite for the energetically unstable Na-graphite intercalated
compounds[9-12], hard carbon with a large interlayer spacing in a disordered structure
was applied as a high-capacity anode material[13,14]. In the last decade, a great deal of
effort has been devoted to rationally designing the structure of insertion-type anode
materials[15-17] and developing high-performance composite anodes based on multielectron alloy/conversion reactions for more efficient sodium storage[18,19].
Furthermore, the optimization of electrolyte seems to be feasible for controlling the solid
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electrolyte interphase (SEI) formation and ameliorating the electrochemical
performance[20,21]. Adelhelm et al.[22] reported the first application of graphite in a
diglyme-based electrolyte, demonstrating a significant increase in capacity as compared
to cells using traditional carbonate-based electrolytes. This additional Na ion storage was
resulted from the co-intercalation of solvent molecules into the graphite layers. Kang et
al.[23,24] further studied the electrochemical reactions of natural graphite in different
ether-based electrolytes, while the concept of solvent co-intercalation was applied for
sodium ion storage in graphite[25-32]. These works have proved that solvated sodium ion
compounds can reversibly intercalate into layered structures via the formation of ternary
graphite intercalation compounds (t-GICs). These studies indicate a new strategy for the
use of ordered graphite as the anode for SIBs. However, the reported natural graphite
anodes exhibit a low capacity (below 150 mAh g–1) even at low current rates below 100
mA g–1. Thus, it is worthy to know whether this strategy will improve the electrochemical
performance of common carbon materials with both disordered and graphitic structures.
In this work, a commercial carbon black material is chosen and examined for use in SIBs
with an ether-based electrolyte, to gauge the feasibility of employing both disordered and
graphitic structures in sodium ion storage for an improved electrochemical performance.
Surprisingly, a highly reversible capacity with an extended cycle life is obtained, and a
reaction mechanism combining sodium intercalation in the graphitic structure with that in
the disordered structure for ether-based electrolytes is proposed.

4.2 Experimental
4.2.1 Materials preparation
Commercial N330 carbon black (Sid Richardson Carbon Corporation) was selected as the
active material. Two electrolytes were prepared in an argon-filled glove box from 1.0 M
sodium triflate (NaCF3SO3, 98%, Sigma Aldrich) dissolved in two different solvents,
diethylene glycol dimethyl ether (DEGDME, 98.9%, Sigma-Aldrich) and ethylene
carbonate (EC, 99%, BASF)/diethyl carbonate (DEC, 99%, BASF) with 1:1 in volume
ratio. Before preparing the electrolytes, NaCF3SO3 and molecular sieves (4 Å, Sigma
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Aldrich) were dried at 150 °C in a vacuum oven for 2 days, while molecular sieves were
later employed to dehydrate the solvent.

4.2.2 Physical characterizations
The physical properties of the pristine material were identified by an X-ray diffraction
(XRD) Bruker D8Advance (Cu-Kα source, 40 kV, 40 mA) system. Raman scattering
studies were performed using a HORIBA Scientiﬁc LabRAM HR Raman spectrometer
system with a 532.4 nm laser and optical microscope. Fourier transform infrared (FTIR)
spectra were collected using a Nicolet 6700 FTIR spectrometer. N2 adsorption/desorption
isotherms were collected using a Folio Micromeritics Tristar II surface area analyzer,
while morphology was observed with a Hitachi S-4800 field emission scanning electron
microscope (FE-SEM) operating at 5 keV. In order to gain an understanding of the
underlying reaction mechanism, the cycled electrodes at different electrochemical states
were extracted from the cells and further characterized by X-ray diffraction (XRD),
Raman scattering spectra, and C K-edge X-ray absorption spectroscopy (XAS). XAS
experiments were conducted in Beamline 6.3.1 of the Advanced Light Source (ALS) in
Lawrence Berkley National Laboratory. The C 1s X-ray photoemission spectroscopy
(XPS) experiments were carried out at the high resolution Spherical Grating
Monochromator (SGM) beamline in the Canadian Light Source (CLS).

4.2.3 Electrochemical measurements
To fabricate the N330 carbon electrode, a slurry was initially prepared by mixing 80
wt.% active material, 10 wt.% acetylene black as conductive agent, and 10 wt.%
poly(vinylidene difluoride) (PVDF) binder with N-methyl pyrrolidinone and doctor
bladed onto a copper foil. After drying at 80 °C under vacuum for 12 h, the electrode was
punched and pressed into 1/2-inch pellets, which were further pressed with a loading
mass of about 0.8 mg cm–2. CR-2032 coin cells were assembled using sodium foil as an
anode, N330 carbon electrode as a cathode, and a polypropylene micro-porous film
(Celgard 2400) as a separator, in a glove box under argon atmosphere with controlled
moisture and oxygen content.
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Cyclic voltammetry (CV) experiments were performed using a potentiated 3/Z (Biologic
VMP3) system at 0.1 mV s–1, while electrochemical impedance spectroscopy (EIS) were
recorded at an alternating current (AC) voltage of 5 mV amplitude in the 100 kHz to 0.01
Hz frequency range. The galvanostatic charge/discharge performances were characterized
between 0.001–2.5 V (vs. Na/Na+) for different current densities at room temperature,
using an Arbin BT-2000 Battery Tester.

4.3 Results and Discussion

Figure 4.1 (a) XRD pattern, (b) Raman spectroscopy, (c) FTIR and (d) synchrotronbased C 1s XPS for
N330 carbon black.
As shown in Figure 4.1(a), the XRD pattern for N330 carbon black displays two broad
peaks around 24.5° and 43.5° indexed to (002) and (100) diffraction planes of graphite,
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which should be related to the degree of stacking order within the graphitic carbon
structure and the formation of ordered hexagonal structures, respectively.[33,34] An
interlayer distance of 0.36 nm as calculated, which is slightly bigger than that of
graphite(~0.33 nm), indicating a disordered turbostratic carbon structure for N330 carbon
black[35-37]. Additionally, Raman spectroscopy presented in Figure 4.1(b) clearly
demonstrates the presence of a strong D band at 1358 cm-1 for sp3 structural disordered
carbon and a G band at 1592 cm-1 for sp2 graphitic carbon, indicating the coexistence of
disordered structure with defects and graphitic structure with larger interlayer spacing.
FTIR (Figure 4.1(c)) reveals the presence of several functional groups in pristine N330
carbon back. Apart from the sharp peaks at 3430 and 1627 cm-1 for stretching and
bending vibrations of absorbed water molecule[38,39] as well as a small peak at 2360
cm-1 for CO2 interference[40], two bands at 2582 cm-1 and 2918 cm-1 should be ascribed
to vibrations of unsaturated C-H groups[38] while peaks at 1106 and 1385 cm-1
correspond to O-H group stretching and bending vibrations, respectively[40,41].
Moreover, the peaks at 1260 and 1450 cm-1 can be attributed to C-O stretching and C-C
stretching vibrations[42] while unassigned bands around 1550 cm-1 has also been
reported for carbon nanofibers[38] and carbon nanotubes[39]. The stretch found at 550
cm-1 may be due to the sample reacting with KBr producing at C-Br stretching
vibration[43].
Synchrotron-based XPS was employed to understand the electronic structure of N330
carbon black. As shown in Figure 4.1(d), two strong peaks at 284.2 and 285.6 eV
originate from sp2 and sp3 hybridized carbon structures[44-46], respectively, while a
minor peak at 290.2 eV is referred to as satellite features of π-π shake-up for graphiticlike carbon[38,47]. Interestingly, the broad peak around 287.6 eV can be ascribed to C=O
bonds[48,49], which is consistent with our previous results from conventional XPS[50].
Morphologically, the carbon particles range in size from 20 nm to 60 nm and are
unevenly distributed with the presence of partially agglomerated particles, as presented in
Figure 4S.1. BET analysis revealed that pristine N330 particles have a surface area of
75.5 m2 g-1 as shown in Figure 4S.2.
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Figure 4.2 Electrochemical performances of N330 carbon black in different
electrolytes. Discharge/charge profiles of N330 carbon black electrode in electrolyte
using (a) DEGDME and (b) EC/DEC (1:1) as solvents at a current density of 50 mA g-1.
(c) Cycle performances of N330 carbon black in different electrolytes at a current density
of 50 mA g-1. (d) Rate performance at various current densities and (e) rate cycle
performance at 3200 mA g-1 for N330 carbon black in electrolyte using DEGDME as
solvent.
The electrochemical performance of N330 carbon black as an electrode in SIBs with the
ether (DEGDME)- and carbonate (EC/DEC)-based electrolytes was evaluated by
discharging and charging in 2032 coin cells along with Na foil as a counter electrode
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between 0.001 and 2.5 V (vs. Na/Na+) at different current densities. Figure 4.2(a-b) show
the discharge/charge profiles of N330 carbon black electrode in different electrolytes at a
current density of 50 mA g–1. The electrode cycled in the DEGDME-based electrolyte
delivers an initial reversible capacity of 234 mAh g–1 with a coulombic efficiency of
61.45%. This value is double that of the initial reversible capacity of 107 mAh g–1 and
coulombic efficiency of 39.05% obtained with the EC/DEC-based electrolyte. Although
the reversible capacities of the electrodes gradually decrease for both the electrolyte
systems, the cell constructed using a DEGDME-based electrolyte maintains higher
charging capacities of 230, 226, 212, 207, 202, and 196 mAh g–1 at the 2nd, 3rd, 25th,
50th, 75th, and 100th cycles, respectively; the electrode cycled in EC/DEC-based
electrolyte presents reversible capacities of just 103, 101, 90, 86, 82, and 79 mAh g–1,
respectively, at the 2nd, 3rd, 25th, 50th, and 100th cycles. Figure 4.2(c) further compares
the cycle stability of the N330 carbon black electrode in different electrolytes. After 100
cycles, the electrode prepared in DEGDME electrolyte demonstrates a capacity retention
of 85.2%, while the electrode cycled in EC/DEC shows a capacity retention of 76.7%.
Furthermore, a stable cycle life can be obtained in the ether-based electrolyte at 100 and
200 mA g–1, as shown in Figure 4S.6 and 4S.7.
When cycled at 100, 200, 400, 800, 1600, and 3200 mA g–1, the N330 carbon black
electrode maintains reversible capacities of 196, 170, 159, 133, 120, and 105 mAh g–1,
respectively. Even when the cell is cycled at 3200 mA g–1 for 2000 cycles, a highly
reversible capacity of 72 mAh g–1 is obtained, representing a negligible capacity loss per
cycle of 0.0167% (Figure 4.2(e)). Compared with the previous results obtained from
expanded graphite[37] and graphite[22-25,27,29-32], the sodium storage capability and
cyclability for N330 carbon black in DEGDME-based electrolyte are greatly improved.
Crucially, the feasibility of a sodium-ion battery exploiting N330 carbon black as an
anode material has been confirmed in conjunction with a Na0.7CoO2 cathode material in
an ether-based electrolyte, regardless of its relatively low capacity and limited cycle
capability (Figure 4S.8).
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Figure 4.3 Electrochemical behaviors for N330 electrode in various electrolytes and
its structure evolution in ether-based electrolyte. (a) The CV curves of the first cycle
for N330 carbon black electrodes in different electrolytes. (b) EIS for N330 carbon black
electrodes before and after discharging in different electrolytes (the inset shows
equivalent circuit model). (c) Raman Spectra and (d) C K-edge X-ray absorption
spectroscopies of N330 carbon black electrodes at different states when cycling in
DEGDME-based electrolyte.
To obtain an in-depth understanding of the improved sodium storage behavior observed
for the N330 carbon black electrodes, various characterization tools were employed.
Figure 4.3(a) compares the initial CV curves for carbon black cycled in different
solvents. Interestingly, the cathodic peak at 0.5 V observed for the carbonate-based
electrolyte is not found in the CV obtained for the electrode cycled in the DEGDMEbased electrolyte. This indicates a controlled formation of the SEI[23]. Previous literature
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mentions that an electronically insulating thin SEI film may effectively suppress the
continuous decomposition of electrolyte at low potential and stabilize the layered
structure of graphitic carbon for an extended cycle life, in case of its fragility towards
solvent co-intercalation for LIBs[51,52]. At the same time, a comparison of EIS for the
N330 carbon black electrodes (Figure 4.3(b)) before and after discharging in different
electrolytes also confirms the importance of appropriate SEI formation for the electrode
sodiation/desodiation process. For the discharged anodic electrodes, it is assumed that the
value of the horizontal axis intercept is related to the SEI impedance between electrode
and electrolyte in the high frequency region. The semicircle in the medium frequency
region could be attributed to the charge transfer resistance, while the linear region
corresponds to the Warburg resistance for Na+ diffusion in the bulk[53]. When EC/DEC
were applied as solvents in the electrolyte, the comparatively thick SEI layer formed in
the initial discharging process (Figure 4S.4) results in an increase of resistance for
sodium ion diffusion, while a negligibly thin SEI film is formed on the surface of
electrodes cycled in DEGDME-based electrolyte, resulting in the facile migrations of
sodium ions and solvated compounds, thereby enhancing the electrochemical
sodiation/desodiation processes. A comparison of the impedance parameters for
electrodes at different states in different electrolytes can be found in Table 4S.1. Raman
spectra (Figure 4.3(c)) were employed to identify the structural evolution of N330 carbon
black in the DEGDME-based electrolyte during the sodiation/desodiation process. The
ratio of ID/IG decreases remarkably when the cells are discharged to 0.001 V. However,
the subsequent charging to 2.5 V results in reversibility, hinting at a better alignment
between the carbon layers during the sodiation process. Similar results, i.e. the decrease
of ID/IG in the discharging process and its successive increase in the charging process,
were obtained in the ex situ Raman spectroscopy (Figure 4S.9 and Table 4S.2). The
positions and shapes of the D/G bands did not change upon cycling, although their
intensities continue to decrease. Although this phenomenon is similar to the phase
transformations seen in partially ordered carbon in EC/DEC-based electrolyte[54], it is
quite different with regard to the formation of disordered structures[23], further implying
the complexity of electrochemical behaviors and phase transformations for different
carbon materials in ether-based electrolytes. Figure 4.3(d) displays the C K-edge X-ray

152

absorption spectroscopies obtained in the TEY (total electron yield) mode, which is
exceptionally sensitive to the physical properties of the surface. For the pristine electrode,
two broad peaks involving the transitions of carbon 1s electrons to the unoccupied π*(C–
C) and σ*(C–C) orbitals[55] can be observed at 285.3 and 292.2 eV, respectively, while
the weak feature near 288.2 eV is assigned to the C=O π* transition[55-58]. After
discharging to 0.01 V, the positions of the π*(C–C) and π*(C=O) features move to the
high energy region, while the peak for the σ*(C–C) transition disappears.
Simultaneously, the peak intensity for the π*(C=O) obviously increases and a new sharp
peak appears at 290.0 eV, originating from the σ*(C–O) transitions for oxygencontaining functional groups[58-60], further indicating the decomposition of electrolyte
and formation of SEI on the surface of the electrode during the sodiation process. The
broad peak around 301.0 eV may be related to the σ*(C=O) feature[59-61]. When
charged back to 2.5 V, the π*(C–C) feature and the weak σ*(C–C) feature both move
back to their initial positions at pristine state, while the electrode still presents the visible
features for the π*(C=O) and σ*(C–O) transitions, confirming the preservation of a thin
SEI film for the N330 carbon black electrode, which is beneficial to the structural
stability in the long run[28]. Although CV curves cannot reflect the formation of the SEI
during the initial cathodic process for the N330 carbon black electrode, the C K-edge Xray absorption spectroscopic technique could explicitly identify the decomposition of
electrolyte upon discharging and the evolution of a thin SEI layer during the
sodiation/desodiation process, which agrees well with a reduced resistance and an
increased capacity as discussed in the electrochemical properties of N330 carbon black
electrode in DEGDME-based electrolyte. Importantly, the ether-based electrolyte is
supposed to suppress the decomposition of electrolyte and generate a thin SEI layer.
This robust and uniform SEI layer could inhibit the depletion of the electrolyte in the
irreversible side reactions between the electrode surface and electrolyte, and further
facilitate the rapid Na+ transport with the assistance of the uniform distribution of organic
and inorganic compounds[28]. Similar functions of the ether-based electrolyte could be
observed in the formation of a compact and thin SEI layer on surface of sodium metal to
prevent the exposure of the active sodium metal surface to the electrolyte and avoid the
growth of sodium dendrite during the long-term plating and stripping[62]. In terms of
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morphological evolution, the N330 carbon black electrode could maintain its
nanostructures in ether-based electrolyte during the discharging and charging processes,
but undergo aggregation upon cycling in carbonate-based electrolyte, as shown in Figure
4S.11.

Figure 4.4 Schematic diagram of sodium intercalation in N330 carbon black.
According to the classic “house of cards” model[13,63] and its recent revision[64] for
sodium storage mechanism in nongraphitizable carbon, the graphene sheets with a larger
interlayer distance and massive defects as well as nanoporosity in disordered turbostratic
nanodomains will contribute to the sodium intercalation process. However, this cannot
explain the significant increase in capacity observed for N330 carbon black in etherbased electrolyte compared to carbonate-based electrolyte. As revealed by Adelhelm et
al.[22] and Kang et al.[23,24], the solvated sodium ion species in ether-based electrolyte
may effectively facilitate sodium intercalation into graphitic carbon. Later, Zhen Zhou et
al.[26] reported the improved cycle stability and rate capability for hard carbon material
with a disordered structure in ether-based electrolyte. Based on these sodium storage
mechanisms in disordered and graphitic carbon structures as well as a greatly enhanced
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electrochemical performance in N330 carbon black consisting of graphitic structure and
disordered structure[26,28,50,65], a sodium storage mechanism combining the sodium
ion insertion into disordered carbon with the sodium ion-solvent co-intercalation into
graphitic carbon can be accordingly proposed here (Figure 4.4). The sodium ions and the
solvated sodium ion species would preferably intercalate into different structural parts of
the N330 carbon black, even though the preference for different sodium intercalation
mechanisms in disordered carbon is still unknown. Specifically, most solvated sodium
ion species would intercalate into graphitic structures, while partially solvated sodium ion
species and residual sodium ions could insert into disordered structures. By making most
of the accessible sodium storage sites in both the graphitic and disordered parts of N330
carbon black, the reversible capacity and the cycle stability could be promoted in the
DEGDME-based electrolyte, compared with limited sodium intercalation capability and
stability in EC/DEC-based electrolyte.
In summary, the improved electrochemical properties for N330 carbon black in etherbased electrolyte are not only resulted from the novel intercalation mechanisms, but also
due to the controlled formation of a robust and thin SEI film coating the electrode. The
advantages of using an ether-based electrolyte rekindle the interests in insertion-type
anode materials using ether-based electrolyte, and the development of high performance
carbon-based materials in ether-based electrolytes for sodium ion batteries is ongoing in
our group.

4.4 Conclusions
The combination of sodium ion storage in disordered carbon layers and solvated sodium
ion compounds co-intercalation into graphitic carbon layers in a commercial N330
carbon black electrode resulted in a very high electrochemical performance in an etherbased electrolyte, with a high initial reversible capacity of 234 mAh g–1 and a
significantly enhanced rate capability of 105 mAh g–1 at 3200 mAh g–1, as well as an
ultralong cycle life over 2000 cycles. Additionally, the restricted formation of the SEI
film and its subsequent evolution as clarified by electrochemical and physical
characterizations would also contribute to the superior electrochemical performance for

155

ether-based electrolyte, especially when compared with the poor sodium storage
capability and the uncontrollable formation of a thick SEI layer for carbonate-based
electrolyte. The application of advantageous ether-based electrolytes in carbon-based
materials could shed light on the design of advanced SIBs with a higher reversible
capacity and a better cycle stability.
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4.7 Supporting Information

Figure 4S.1 (a-b) SEM and (c-d) TEM images of N330 carbon black at different
magnifications.
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Figure 4S.2 Nitrogen adsorption/desorption isotherms of N330 carbon black.

Figure 4S.3 CV curves of N330 carbon black electrode in electrolyte using DEGDME as
solvent.
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Figure 4S.4 CV curves of N330 carbon black electrode in electrolyte using EC/DEC as
solvent.

Figure 4S.5 Discharge/charge profiles of N330 carbon black electrode in electrolyte using
DEGDME as solvent at different current densities.
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Figure 4S.6 Cycle life of N330 carbon black electrode in electrolyte using DEGDME at
100 mA g-1.

Figure 4S.7 Cycle life of N330 carbon black electrode in electrolyte using DEGDME at
200 mA g-1.
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Table 4S.1 Impedance parameters of electrodes at different states from equivalent circuit
of Nyquist plots.
N330-pristine-

N330-0.001 V-

N330-pristine-

N330-0.001 V-

DEGDME(Ω)

DEGDME(Ω)

EC/DEC(Ω)

EC/DEC(Ω)

RSEI

11.67

7.581

19.45

23.16

Rcharge transfer

11.13

12

81.18

130.5

Figure 4S.8 (a)Charging and discharging profiles and (b) cycle performance for
Na0.7CoO2/N330 carbon black full cell at a current density of 200 mA g-1 in electrolyte
using DEGDME.
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Figure 4S.9 Ex situ Raman spectra for N330 carbon black during the discharging and
charging processes.
Table 4S.2 The values of ID/IG for samples at different states

State

ID/IG

Prist

D1.2

D0.7

D0.2

D0.0

C0.2

C0.7

C1.2

C2.0

C2.

ine

5V

5V

5V

01V

5V

5V

5V

V

5V

1.14

1.08

0.96

0.95

0.92

0.90

1.00

1.04

1.06

1.08
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Figure 4S.10 XRD patterns of N330 carbon black at different states when cycling in
DEGDME-based electrolyte.

Figure 4S.11 SEM images of (a-b) pristine N330 carbon black electrode, (c-d) electrode
discharged to 0.001 V in ether-based electrolyte, (e-f) electrode discharged to 0.001 V in
carbonate-based electrolyte, (g-h) electrode charged to 2.5 V in ether-based electrolyte
and (i-j) electrode charged to 2.5 V in carbonate-based electrolyte.
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Chapter 5

5

Tuning the Porosity of Carbon Materials for High

Sodium Storage Capability in Ether-based Electrolyte
5.1 Introduction
The commercialization of lithium-ion batteries (LIBs) has stimulated the development of
portable electronics and recently envisioned their feasibility for powering electric
vehicles[1-3]. However, the huge potential demand for the geologically limited lithium
resource along with its soaring prices in recent decades, has propelled the pursuit of
sustainable energy storage systems with a low cost and a high reliability[4-6]. Sodiumion batteries (SIBs), owing to an abundant element reserve with a widespread natural
distribution and an appropriate redox potential (ENa+/Na= -2.71 V vs. S. H. E) as well as
the analogous reaction mechanisms to lithium counterparts, have been extensively
studied as promising alternatives for LIBs in recent years, particularly in the market of
large-scale grid energy storage[7-9]. However, an increased equivalent weight of sodium
element and a more positive redox potential for Na+/Na couple may unavoidably lower
the theoretical energy density of SIBs[10,11]. More seriously, the inherent larger ionic
size of Na+ compared with Li+ (1.02 vs 0.76 Å), further triggers the kinetic challenges
involving the sluggish sodium ion diffusion, and the structural instability of the host
concerning the large volume changes during the sodiation/desodiation processes.
Additionally, the complex sodium chemistry regarding the interactions between the
cations and the host structure as well as the subsequent SEI (solid electrolyte interphase)
formation/evolution also deteriorates the electrochemical performances of SIBs[8,12]. It
is therefore urgent to develop advanced electrode materials with more accessible sodium
storage sites and high physical/chemical stabilities to enable the sustainability of highperformance SIBs.
Generally, it is problematic to directly apply sodium metal as an anode material for SIBs,
due to the safety hazards for its low meting point and the inevitable dendrite
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formation[5]. Compared with the conventional graphite anode for LIBs with an in-plane
long range order and a stacking order, which cannot intercalate sodium ions in the
formation of thermodynamically stable graphite intercalation compounds(GICs),
disordered carbon materials, possessing larger interlayer distances stemmed from the
irregular structures comprising curved graphene nanosheets and turbostratic graphitic
nanodomains, can effectively accommodate the insertion/extraction processes of sodium
ions with a larger ionic size[13-19]. Admittedly, typical hard carbon and related materials
can deliver reversible capacities around 300 mAh g-1, but the rate performance and cycle
stability for these materials are still poor[20-28]. The well-established nanotechnologies
in LIBs have been introduced into sodium systems in the fabrication of carbonaceous
materials with expanded interlayer distances for buffering the structural strain during the
sodiation/desodiation processes, increasing the contact areas between electrodes and
electrolyte for an excellent rate capability, and further shortening the pathway lengths for
electron transport and sodium ion diffusion[29,30]. Previous research has demonstrated
the use of a templated carbon with a hierarchical porosity as an anode material displaying
an excellent rate performance[31]. Joachim Maier et al.[32] further synthesized hollow
carbon nanospheres by a hydrothermal method with a subsequent annealing process and
obtained a reversible capacity of 50 mAh g-1 at 10 A g-1 ,while the similar hollow carbon
nanowires[33] and the ultrathin hollow carbon nanospheres[34], can both deliver large
reversible capacities with an extended cycle life. Notably, the nanostructure designs,
ranging from 1D (one-dimensional) carbon nanofibers[35-39]/microtubes[40], 2D (twodimensional) graphene[41-43]/carbon nanosheets[44], to 3D (three-dimensional) carbon
frameworks[45-47] and hard carbon matrix[48], have been successfully exemplified in
promoting the electrochemical performances of carbon anode materials for SIBs. For
example, Xiulei Ji et al.[38] derived carbon nanofibers from cellulose nanofibers with an
excellent rate performance of 85 mAh g-1 at 2 A g-1 and a superior cycling stability of 176
mA h g-1 at 200 mA g-1 over 600 cycles. Additionally, a free-standing and binder-free
carbon nanofibers electrode obtained from the pyrolysis of PAN-F127/DMF nanofibers
through an electrospinning method could also deliver a reversible capacity of ~140 mAh
g-1 after 1000 cycles at 0.5 A g-1[37]. Moreover, the porous carbon frameworks
synthesized from carbon quantum dots presented a remarkable cycle life over 10000
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cycles with a highly reversible capacity of 137 mAh g-1 at 5 A g-1[46]. In parallel with
these developments, much efforts have been devoted to tailoring carbon materials by the
heteroatom doping for improved electronic conductivities and extra defective sites for
sodium ion storage, such as nitrogen doping[49-55], sulfur doping[44,56-58], fluorine
doping[59], hydrogen-doping[60], and POx doping[61], while biomass-derived carbon
materials could also demonstrate high sodium storage capabilities for the unique porous
structures with the highly disordered degrees[26,28,62-65]. Particularly, the sulfur-doped
disordered carbon prepared from carbonizing the mixture of NTCDA and sulfur, could
display a ultra-high reversible capacity of 271 mAh g-1 at 1 A g-1 over 1000 cycles[56].
Critically, the basic physical properties (interlayer distance, porosity, heteroatom doping,
surface area, etc.) would directly affect the sodium storage capability of carbon anode
materials[66,67].
However, the different reaction mechanisms in various electrolytes also determine the
sodium intercalation behaviors and the subsequent formation/evolution of SEI.
Recently, graphite was firstly revisited by Philipp Adelhelm and colleagues in a diglymebased electrolyte with a reversible capacity of 100 mAh g-1 over 1000 cycles[68], while
Kisuk Kang et al. further optimized the ether-based electrolytes toward a stable specific
capacity of 150 mAh g-1 for 2500 cycles[69] and proposed the formation of solvated
sodium ion species as well as a thermodynamically favorable sodium intercalation
process[70]. Upon the emergence of the concept for solvent co-intercalation toward
sodium ion storage in graphite[71-78], Quanhong Yang’s group further applied a highly
porous carbon with a large surface area in ether-based electrolyte and achieved a large
reversible capacity of 509 mAh g-1 at 100 mA g-1with a desirable stability up to 1000
cycles at 1.0 A g-1.[74]
Importantly, ether-based electrolyte was successfully applied for a commercial nonporous carbon black with the significantly improved reversible capacity and cycle
stability. This is achieved by taking advantage of the sodium insertion into the disordered
structure and the sodium ion-solvent co-intercalation into the graphitic structure.
However, the present accessible capacity is still low when compared with the
conventional disordered carbon materials. Therefore, a rational design of electrode
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materials with more active sodium storage sites in ether-based electrolyte is urgently
necessary.
Herein, we developed a facile method to tailor the porosity of carbon black and
introduced the porous carbon blacks into an ether-based electrolyte system for the first
time. Through incorporating different sodiation/desodiation avenues, we showed that an
optimized porous structure with a minor heteroatom doping could enable a highly stable
capacity with an ultralong cycle life and a remarkable rate performance.

5.2 Experimental
5.2.1 Materials preparation
The commercial N330 carbon black was used in all experiments as the pristine material.
Based on our previous research[79], NH3 gas was introduced at 1050 °C to etch the N330
carbon black, yielding the porous carbon blacks with the desired mass losses. Typically,
500 mg of N330 powder in a fused silica boat was pyrolyzed in a fused silica reactor
under NH3 at 1050 °C until the desired mass loss is achieved. Samples with the mass loss
of 10%, 35%, and 54%, were referred as CBN10, CBN35, and CBN54, respectively.
Sodium triflate (NaCF3SO3, 98%, Sigma Aldrich) and molecular sieves (4 Å, Sigma
Aldrich) were firstly dried at 150 °C in a vacuum oven for 2 days, while molecular sieves
were later employed to remove the residual water in the solvents. Two kinds of
electrolytes were carefully prepared in an argon-filled glove box by dissolving 1.0 M
sodium triflate (NaCF3SO3, 98%, Sigma Aldrich) into diethylene glycol dimethyl ether
(DEGDME, 98.9%, Sigma-Aldrich) and ethylene carbonate (EC, 99%, BASF)/diethyl
carbonate (DEC, 99%, BASF) with 1:1 in volume ratio, respectively.

5.2.2 Physical characterizations
The crystalline structures of carbon materials were studied using X-ray Diffraction
(XRD) by a Bruker D8Advance (Cu-Kα source, 40kV, 40mA) spectrometer, while
Raman scattering spectra were recorded using a HORIBA Scientiﬁc LabRAM HR
Raman spectrometer system equipped with a 532.4 nm laser. A Folio Micromeritics
Tristar II surface area analyzer was employed to measure the N2 adsorption/desorption

173

isotherm and the pore size distribution. Morphologies were observed using a Hitachi S4800 field emission scanning electron microscope (SEM) operated at 5 keV and a highresolution transmission electron microscopy (HRTEM) (JEOL 2010 FEG). Synchrotron
C K-edge X-ray absorption spectroscopy (XAS) measurements were conducted in
Beamline 6.3.1.2 and 8.0.1.4 of Advanced Light Source in Lawrence Berkeley National
Laboratory. The C 1s X-ray photoemission spectroscopy (XPS) measurements were
performed at the high resolution Spherical Grating Monochromator (SGM) beamline in
Canadian Light Source (CLS). The high-resolution XPS data was collected with an
excitation energy of 700 eV and a pass energy of 20 eV.

5.2.3 Electrochemical measurements
Electrodes were prepared by casting the slurry, consisting of 80 wt.% active material, 10
wt.% acetylene blacks as the conductive agent, and 10 wt.% poly(vinylidene difluoride)
(PVDF) binder in a suitable amount of N-methyl pyrrolidinone, onto copper foil. The
casted foil was then vacuum dried at 80 °C for 12 h to remove residual water and excess
NMP. Then the electrode was punched to ½ inch pellets which were further pressed and
found to have a loading mass of ~0.8 mg cm-2. Half-cell configuration 2032-type coin
cells were fabricated in an Argon-filled glove box where sodium foil was used as an
anode along with a N330 carbon electrode and a polypropylene membrane (Celgard
2400) as cathode and separator, respectively. Finally, the electrochemical properties were
evaluated by the cyclic voltammetry (CV) at 0.1 mV s-1 and the electrochemical
impedance spectra (EIS) at an AC (Alternating Current) voltage of 5 mV amplitude in the
100 kHz to 0.01 Hz frequency range via a Biologic VMP3 electrochemical station. The
galvanotactic charge/discharge performances were examined between 0.001~2.5 V (vs
Na/Na+) at the different current densities under room temperature using an Arbin BT2000 Battery Tester.
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5.3 Results and Discussion

Figure 5.1 (a) XRD patterns, (b) Raman spectra, and (c) N2 adsorption/desorption
isotherm spectra for different carbon blacks. (d) Synchrotron C 1s XPS for CBN35
carbon black.
XRD was employed to understand the different microstructures of NH3-etched porous
carbon blacks, as shown in Figure 5.1(a). In all patterns, the obviously observed peaks at
~24 ° and ~42° could be indexed to (002) and (100) diffraction modes, related to the
stacking order degree of graphitic carbon structure and the emergence of ordered
hexagonal structure, respectively[34,80]. The (002) peak position would slightly move to
a low angle, while its intensity firstly increases and then decreases along with the NH3
etching process. Based on the classic Bragg equation and Scherrer equation[45,80,81],
the interlayer distance (d002), the in-lane coherence length (Lc), and the out-of-lane
coherence length (La) for graphitic domains are calculated as listed in Table 5S.1
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(Supporting Information). The apparent decreases of the d002 as well as the La and the
increase of the Lc from CBN10 to CBN54 carbon black clearly reflect the formation of
short-range ordering and the decomposition of disordered structure. However, during the
initial etching process, the La value increases while the Lc value decreases from N330 to
CBN10 carbon black, which may be attributed to a particular formation mechanism
previously investigated[82,83], involving the initial consumption of disordered carbon in
the outmost surface part and the following reactions between the NH3 gas and the
amorphous carbon from the inner region as well as the graphitic crystallite from the
remaining outside edges. Meanwhile, the D band for disordered phase and the G band
for graphitic structure in Raman spectra for Figure 5.1(b), can be observed around 1343
and 1590 cm-1, respectively. With the proceeding of NH3 etching process, the
corresponding D band would obviously sharpen with a decrease in the width at half
maximum (FWHM), which further indicates the gradual diminishment of the disordered
phase and progressive formation of the ordered structure in carbon materials, agreeing
well with the results from XRD patterns as well as our previous report[79]. The unusual
increase of ID/IG upon the high-temperature NH3 etching may be resulted from the curling
of stacked graphitic layers and the subsequent shrinkage of small graphitic crystals in
(100) directions[80,84]. Additionally, Figure 5.1(c) presents the nitrogen adsorptiondesorption isotherm spectra for different carbon blacks with the pore size distributions as
compared in Figure 5S.1. The introduction of the reactive NH3 gas effectively creates the
porous structures with the large surface areas, ranging from 78 m2 g-1 for pristine carbon
black, to 233, 583, and 783 m2 g-1 for CBN10, CBN35, and CBN54 carbon materials,
respectively. Among all samples, the CBN35 carbon black showed a highest specific
surface area for microspores. This type of architecture has been shown as the host with
most active sites in Fe/N/C catalysts for oxygen reduction reaction at the cathode of
proton exchange membrane (PEM) fuel cells[82,83]. As determined by our previous
results from the conventional X-ray photoelectron spectroscopies[79], N atoms have been
successfully doped into the etched porous carbon blacks but with quite limited contents
as listed in Table 5S.1. Furthermore, CBN35 carbon black with a 1.4% N-doping content
was further characterized by the synchrotron-based C 1s XPS and this single broad peak
could be deconvoluted into 4 separate peaks as shown in Figure 5.1(d). Two broad peaks
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centered at 284.2 and 285.4 eV correspond to sp2 and sp3 hybridized carbon
structures[85-87], respectively, while the comparatively weak peak at 286.9 eV is
attributed to C-N bonds (N-sp3 C configurations, sp3-hybridized carbon atoms) [88-91].
The appearance of C-O peak for –O-C=O- group at 289.1 eV[90-93] may be originated
from the immediate contact between etched carbon and air after the pyrolysis, which
conforms to our previous conventional XPS results[79]. The abundant experimental
results based on the different characterization methods clearly demonstrate the structural
evolution of carbon materials from the solid spheres to the microporous and mesoporous
carbon nanomaterials. This structural morphology undoubtedly contributes to the
improvements of sodium ion diffusion and intercalation performance for the carbon
anode material.

Figure 5.2 SEM images of (a) N330, (b) CBN10, (c) CBN35, and (d) CBN54 carbon
blacks. (e)TEM image and (f) HRTEM image of CBN35 carbon black.
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Figure 5.2 depicts the morphologies of different carbon materials. For pristine N330
carbon black as presented in Figure 5.2(a), the nanoparticles with different sizes from 20
to 60 nm would severely agglomerate and unevenly distribute. Upon NH3 etching, several
tiny particles (<20 nm) and large particles (>40 nm) disappear and the average particle
size become relatively smaller as shown in Figure 5.2(b-d), which are consistent with the
results from our previous particle size distribution analysis[79]. Additionally, HRTEM
images highlight an amorphous nature and a few-layer-stacked graphitic structure with an
interlayer distance of about 0.36 nm for CBN35 carbon black (Figure 5.2(f)), which
correlates well with data obtained from XRD.

Figure 5.3 Schematic diagram of the carbon porosity formation during the NH3
etching process.
On the basis of the well-understood NH3 etching mechanism for N330 carbon
black[82,83], Figure 5.3 further illustrates the carbon porosity formation process.
Normally, the pristine N330 carbon particles consist of a graphitic structure and a
disordered phase, but with almost no pore in the outside part. At the beginning of the
etching process, the outer disordered carbon would firstly decompose under the etching
reaction, generating several surface pores. With the gradual loss of the external
disordered carbon, the as-resulted microspores would dimensionally grow deeper and
larger, further leading to an increase of specific surface area of micropores and the
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eventual formation of mesopores. Following the complete consumption of outer
disordered carbon, the NH3 would not only react with the internal disordered part, but
also begin to etch remaining graphitic structure on the outer surface. Eventually, the
reduction of the outmost graphitic crystallite layer would inevitably result in a decreased
particle size.

Figure 5.4 (a) Discharge-charge profiles for CBN35 carbon black at a current
density of 50 mA g-1. Cycle performances of different carbon blacks at current
densities of (a) 50, (b) 100, and (c) 200 mA g-1.
Based on a synergistic mechanism utilizing both disordered and graphitic structures for
sodium storage, it’s also critical to study the effects of various porosities on the
electrochemical performances. Surprisingly, the etched porous carbon blacks show very
different sodium ion storage capabilities at different current densities as compared in
Figure 5.4. CBN35 carbon black exhibits an initial charge capacity of 352 mAh g-1 with a
coulombic efficiency of 72.19% at a current density of 50 mA g-1. As shown in Figure
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5.4(a), the subsequent discharging and charging curves scarcely move while the most
sodium intercalation/extraction processes efficiently occur below a voltage of 1.5 V,
which is very desirable for coupling with the existing cathode materials in full SIBs.
Following 100 cycles of charging/discharging at 50 mA g-1, CBN35 still maintains a
highly reversible capacity of 336 mAh g-1 with a 95.45% capacity retention as presented
in Figure 5.4(b). Conversely, the pristine N330 displays an initial reversible of about 234
mAh g-1 with an 84.12% capacity retention, and CBN 10 carbon black shows a noticeable
capacity decay with a low reversible capacity of about 148 mA mAh g-1 and a 76.68%
capacity retention. Additionally, the electrochemical properties of as-obtained porous
carbon materials were further studied using an extended cycling galvanostatic
charging/discharging at elevated current densities. Comparatively, CBN35 is capable of
achieving an initial reversible capacity of about 303 mAh g-1 with a coulombic efficiency
of 70.79% at 100 mA g-1, while N330 and CBN10 only deliver initial reversible
capacities of 213 and 180 mAh g-1, respectively. Different from the rapid capacity
degradation for CBN10 with a 58.89% capacity retention, CBN35 carbon retains a stable
capacity of about 275 mAh g-1 with a 90.76% capacity retention, while N330 carbon has
a capacity retention of 77.36% after 200 cycles at 100 mA g-1, as depicted in Figure
5.4(c). Upon increasing the current density to 200 mA g-1, CBN35 still delivers a high
reversible capacity of 286 mAh g-1 with a 69.59% coulombic efficiency in the first cycle.
After 400 cycles, an exceptional reversible capacity of 229 mAh g-1 with an 80.07%
capacity retention is obtained, which is much higher than that of other carbon blacks
tested herein. It is worth mentioning that CBN54 carbon black could present a low but
stable reversible capacity of about 85 mAh g-1 at 50 mA g-1 without an obvious voltage
plateau as well as a capacity loss when increasing the current density, implying its limited
active sites for the efficient sodium ion storage, a highly porous carbon structure for the
fast sodium ion diffusion after the excessive NH3 etching treatment, and the capacitive
behaviors. Compared with a low reversible capacity and a poor cycle stability obtained
for CBN10, the outstanding electrochemical performance of CBN35 carbon is not only
resulted from the desirable creation of a highest microporosity with a suitable surface
area and more active sodium ion storage sites, but also due to the appropriate structural
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evolution of graphitic and disordered phases in the noticeable heteroatom-doped carbon
materials for enhancing the solvent co-intercalation in ether-based electrolyte.

Figure 5.5 (a) Rate performance, (b) the corresponding discharging/charging curves
at different current densities, (c) cycle performance and coulombic efficiency at a
current density of 1600 mA g-1 for CBN35 carbon black.
The increased performance and the long, stable cycle life seen for CBN35 were also
verified in the rate and cycle tests, as displayed in Figure 5.5. CBN35 can deliver highly
reversible capacities of 339, 290, 257, 211, 183, and 150 mAh g-1 at 50, 100, 200, 400,
800, and 1600 mA g-1, respectively. Even when cycled at 3200 mA g-1, a capacity of 125
mAh g-1 is found, demonstrating the versatile nature of this hierarchal porous structure.
After decreasing the current density to 50 mA g-1, the capacity could restore to 336 mAh
g-1 with a superior reversibility. And the cycling stability of CBN35 was further evaluated
at an ultrahigh current density of 1600 mA g-1. Regardless of a low initial coulombic
efficiency of 77.38% and a fast capacity degradation in first 100 cycles, the CBN35
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carbon black could deliver an outstanding reversible capacity of 103 mAh g-1 over 3200
cycles with a negligible 0.0162% capacity loss per cycle, which is much better than
electrochemical properties of carbon-based materials from most recent
reports[26,40,57,60-62,65,80,94-101]. Importantly, the unique microporous structure
allows for the facile access to sodium ion storage sites, thereby allowing the rapid
reversible sodiation and desodiation processes. Furthermore, the porous nature of this
material allows for a hybrid swift diffusion of sodium ions and solvated sodium ion
species into the disordered and graphitic structures, respectively.

Figure 5.6 Electrochemical behaviors for CBN35 carbon black in different
electrolytes and structure evolutions for CBN35 carbon black in ether-based
electrolyte. CV curves of CBN35 carbon black in (a) EC/DEC-based and (b) DEGDMEbased electrolytes. (c) EIS for discharged electrodes in different electrolytes (the inset
shows equivalent circuit model). (d) C K-edge X-ray absorption spectroscopies of

182

CBN35 carbon black electrodes at different states when cycling in DEGDME-based
electrolyte.
In comparison, with the EC/DEC-based electrolyte, the CBN35 carbon black only
exhibits an initial reversible capacity of 127 mAh g-1 at 50 mA g-1 with a 79.53%
capacity retention after 100 cycles, as shown in Figure 5S.3. This is consistent with our
previous results from distinct electrochemical properties for N330 carbon in different
electrolytes. Moreover, CV measurements were employed to further understand the
different electrochemical behaviors for CBN35 in different electrolytes. In EC/DECbased electrolyte, a strong peak around 0.5 V in first catholic process is observed, as
illustrated in Figure 5.6(a). This is attributed to the decomposition of electrolyte and the
uncontrolled formation of the insulating solid electrolyte interphase (SEI) during the
sodiation process. Interestingly, in DEGDME-based electrolyte only a small and broad
peak can be found at around 0.5 V in first catholic reaction, signaling a weak but
noticeable SEI formation process. It’s widely recognized that a favorable SEI film would
effectively inhibit the continuous decomposition of electrolyte at the low potential and
further stabilize the layered structure of graphite anode for a long cycle life. This is
especially important considering its structural instability towards the solvent cointercalation for LIBs[102,103]. Nevertheless, the application of ether-based electrolyte
in sodium systems with the controlled formation of a thin SEI film seems to be more
favorable for enabling a high electrochemical activity and reversibility of porous carbon
material.[74] The EIS results for discharged CBN35 electrodes in different electrolytes
further confirm the underlying role of DEGDME solvent in the performance promotion.
In virtue of the as-obtained spectra, the SEI impedance between electrode and electrolyte
relates to the horizontal axis intercept value in the high frequency region, while the
charge transfer resistance results in the semicircle during the medium frequency for the
discharged electrodes[94]. Compared to the low resistances for discharged electrode in
DEGDME-based electrolyte, a slightly increased SEI impedance and a greatly increased
charge transfer resistance in EC/DEC-based electrolyte clearly reveal the electrochemical
and physical undesirability for uncontrolled formation of a thick SEI layer. This leads to
a large amount of electrolyte consumption, which not only lowers the reversible capacity
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and the coulombic efficiency, but also hinders the efficient sodium ion transport for the
fast charging/discharging processes.
In order to verify the aforementioned phenomenon of the limited formation of a thin SEI
thin layer for CBN35 carbon black electrode, the surface-sensitive C K-edge X-ray
absorption spectroscopies in TEY (total electron yield) mode at different electrochemical
states in DEGDME-based electrolyte are displayed in Figure 5.6(d). For pristine
electrodes, sharp peaks at 285.4 eV and 292.4 eV can be found and are attributed to the
carbon 1s core electrons excited to the π*(C-C) and σ*(C-C) orbitals[104], respectively,
while the small peak around 288.3 eV may be related to the π*(C=O) transitions[104107]. Upon discharging to 0.001 V, a new peak appears around 290.1 eV that can be
assigned to the σ*(C-O) transitions for the oxygen-containing functional groups from the
electrolyte decomposition and the SEI formation[107-109]. Simultaneously, the π*(C=O)
peak slightly shifts to a high energy region, while the peak intensities for the both π*(CC) and σ*(C-C) peaks decrease, further indicating the restrained formation of a SEI film
during the discharging process. When charging the electrode back to 2.5 V, the σ*(C-O)
peak can still be observed at 290.1 eV, but with a low intensity, indicating a preserved
SEI thin film. Therefore, the adoption of an ether-based electrolyte in porous carbon
could not only facilitate the fast migrations of sodium ions and solvated sodium ion
species in electrolyte/interphase/electrode, but also efficiently enable the controlled SEI
formation without sacrificing the reversible capacity and the electrolyte amount, leading
to the high electrochemical reversibility and cycle stability for CBN35.
Based on the analysis above, it appears that with assistance of the ether-based electrolyte
for the intercalations of both sodium ions and solvated sodium ion species, the
intentionally designed porous carbon could deliver an exceptional reversible capacity
with a prolonged cycle life. The improved performance results from the desirable
formation of microporous structure with more sodium ion storage sites and the controlled
formation of a SEI thin film, stabilizing the fragile porous structures and ensuring the
rapid sodium ions/solvated sodium ion species transports. In addition to the suitable
porosity and heteroatom doping, the surface functionalities can also affect the sodium ion
storage capability of carbon-based materials. Such works are ongoing in our group.
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5.4 Conclusions
Porous carbon blacks were fabricated using a NH3 thermal etching method and has been
successfully studied as anode materials for SIBs in an ether-based electrolyte. The asprepared CBN35 carbon black with a highest microporosity and an appropriate surface
area delivers a large reversible capacity with a superior rate capability and an outstanding
cycle stability. The improved sodium storage capability stems from the increased active
sites in microporous structure, and the novel intercalation mechanisms of the solvated
sodium ion species co-intercalation into the graphitic structure and the sodium ion
insertion into the disordered structure. Moreover, the excellent rate cycle stability is
resulted from the controlled formation of a robust SEI thin film for the high structural
stability and the consequent fast sodium ions/solvated sodium ion species migrations. We
believe this work on porous carbon in ether-based electrolyte would enlighten a new
strategy to rationally design the nanostructures of carbon materials for high-performance
SIBs.
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5.7 Supporting Information
Table 5S.1 Physical properties for different carbon blacks.
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Figure 5S.1 Pore size distribution of different carbon blacks.

Figure 5S.2 Discharge-charge curves of CBN10 carbon black at 50 mA g-1
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Figure 5S.3 Discharge-charge curves of CBN54 carbon black at 50 mA g-1.

Figure 5S.4 Cycle performance of CBN35 carbon black at 50 mA g-1.
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Figure 5S.5 Discharge-charge curves of CBN35 carbon black at 50 mA g-1 in EC/DECbased electrolyte.
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Figure 5S.6 SEM images of (a, b) CBN10, (c, d) CBN35 and (e, f) CBN54 carbon black.

201

Figure 5S.7 (a-b) TEM images and (c-d) HRTEM images of CBN35 carbon black.
Table 5S.2 Impedance parameters of discharged electrodes in different electrolytes from
equivalent circuit of Nyquist plots
CBN35-0.001 V-DEGDME (Ω) CBN35-0.001 V- EC/DEC (Ω)
RSEI

9.429

17.3

Rcharge transfer

11.36

85.38
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Chapter 6

6

Surface Oxygenated Functionalities Enabled a High-

performance Carbon Anode Material in Ether-based
Electrolyte for Sodium-ion Batteries
6.1 Introduction
Nowadays, the comprehensively technical penetration of lithium-ion batteries (LIBs) into
portable devices tremendously reshaped the modern consumer electronics and primarily
propelled the development of electric vehicles as well as the large-scale grid energy
storage[1-4]. However, the haunting strategic anxiety concerning the gradual depletion of
lithium resources and their geologically restrained distribution challenged the
sustainability and the affordability of LIBs in meeting the huge demands of electrical
energy storage[5-7]. Sodium-ion batteries (SIBs), inherited the analogous
physicochemical properties based on the elemental sodium from the same group in the
periodic table as lithium, have emerged as one of the most riveting alternatives for
lithium counterparts, due to the ubiquitous sodium resources and the subsequently low
cost[8-10]. The intrinsically disadvantageous energy density, resulting from a higher
redox potential and a larger atomic weight as well as an increased ionic size, determined
the huge potential of SIBs in applications of the large-scale stationary and fluctuating
energy storage for the cost-effectiveness [7,10].
Particularly, the pursuit of advanced electrodes and electrolytes with the high rate
capabilities and cycle stabilities is the key to enable the high-performance SIBs for the
sake of quick response to grid requirement[11]. But the mismatch between a limited
interlayer distance for the commercial graphite and a large ionic radius of sodium ion as
well as the absence of the thermodynamically stable graphite intercalation compounds in
SIBs[12-15], presented a serious challenge on the selection of a suitable anode substitute.
Unfortunately, the sodium metal is severely plagued by the severe safety issues regarding
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its low melting point and the unavoidable dendrite formation.[6] Initially, disordered
carbon materials, which are structurally composed of the curved graphene layers with
large interlayer spacings and the turbostratic nanodomains with desirable pores, could
generate reversible capacities as high as 300 mAh g-1 but with relatively poor rate
capabilities and cycle performances[16-22]. Inspired by lithium equivalents, the rational
nanostructured design[23-34] and the appropriate heteroatom doping[31,35-44], were
widely employed to develop carbonaceous materials with a highly reversible capacity and
a long cycle life. Simultaneously, the electrochemical performances of carbon-based
materials were further promoted by the electrolyte optimization[45-48]. Recently, the
layered-structure graphite has been revisited by several groups[49-54]. Philipp Adelhelm
and colleagues[49] surprisingly revealed an unique co-intercalation phenomenon of
sodium ions and diglyme solvents into graphite by forming a ternary intercalation
compound with a highly reversible capacity of 100 mAh g-1. Later, Kisuk Kang et al.[50]
further extended this electrochemical behavior to ether-based electrolytes and
systematically studied the effects of different solvents/salts on electrochemical properties
of natural graphite. According to these findings for ether-based electrolyte, the concept of
solvent co-intercalation has been gradually established for sodium ion storage in
graphite.[53-61] Additionally, the highly porous carbon materials in ether-based
electrolyte could also deliver a large reversible capacity and a long-term cycle life, due to
the formation of a uniform and compact solid electrolyte interphase (SEI) layer for the
improved structural stability.[58]
In our previous reports, the ether-based electrolyte was found to enable the highly
reversible sodiation/desodiation processes for a commercial N330 carbon by efficiently
combining the sodium ion insertion into the disordered structure with the solvated sodium
ion species co-intercalation into the graphitic structure. Additionally, a desirable
microstructure with abundant active sodium storage sites resulted from a NH3 thermal
treatment of the pristine carbon blacks can also give rise to a large reversible capacity and
an ultralong cycle life. As reviewed before[62,63], several critical physicochemical
properties involving the interlayer spacing, the porosity, the surface area, the heteroatom
doping, and the intercalation behaviors as well as the SEI formation in different
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electrolytes, would definitely affect the electrochemical performances of carbon-based
anode materials for SIBs.
Herein, we firstly developed a surface-functionalized strategy for the porous carbon by a
facile CO2-assisted thermal etching route. With the assistance of an ether-based
electrolyte by making most of the active sodium storage sites, the functional groups could
greatly boost the migrations of sodium ions/solvated sodium ion species and favorably
promote sodium intercalation/extraction processes, further leading to a superior reversible
capacity, an exceptional rate capability, and an outstanding cyclability.

6.2 Experimental
6.2.1 Materials synthesis
The commercial N330 carbon black was selected as the pristine material and the
introduction of CO2 at 1050 °C could lead to the formation of the oxygen-containing
functional groups for carbon blacks, as elaborated in our previous reports[64,65]. In a
typical preparation, 500 mg of pristine carbon black distributed in a fused silica boat was
pyrolyzed in a fused silica reactor under CO2 at 1050 °C until the desired mass losses
were obtained. The as-etched samples with the mass loss of 13%, 30%, and 50%, were
referred as CBC13, CBC30, and CBC50, respectively. In order to investigate the effects
of these oxygen-containing functional groups on electrochemical properties of carbon
blacks, as-obtained carbon blacks were further treated under H2 at 950 °C to effectively
remove the oxygen-containing functional groups. The corresponding samples reduced
from the as-etched samples with the mass loss of 13%, 30%, and 50%, were denoted as
CBCH13, CBCH30, and CBCH50, respectively.
In the preparation of electrolyte, sodium triflate (NaCF3SO3, 98%, Sigma Aldrich) and
molecular sieves (4 Å, Sigma Aldrich) were firstly dried at 150 °C under vacuum for 2
days. The residual water in the commercial solvents was further removed by the as-dried
molecular sieves. Finally, the electrolytes using different solvents were carefully obtained
in a glove box under Ar atmosphere by dissolving 1.0 M sodium triflate (NaCF3SO3,
98%, Sigma Aldrich) into diethylene glycol dimethyl ether (DEGDME, 98.9%, Sigma-
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Aldrich) and ethylene carbonate (EC, 99%, BASF)/diethyl carbonate (DEC, 99%, BASF)
with 1:1 in volume ratio (Sigma Aldrich), respectively.

6.2.2 Physical characterizations
X-ray Diffraction (XRD) spectroscopy using a Bruker D8Advance (Cu-Kα source, 40kV,
40mA) spectrometer was employed to study the crystalline structures of carbon blacks.
Raman scattering spectra were recorded by a HORIBA Scientiﬁc LabRAM HR Raman
spectrometer system with a 532.4 nm laser. N2 adsorption/desorption isotherm and pore
size distribution were measured by a Folio Micromeritics Tristar II surface area analyzer.
The morphologies of different materials were observed by a Hitachi S-4800 field
emission scanning electron microscope (SEM) operated at 5 keV. High resolution
transmission electron microscopy (HRTEM) and electron energy-loss spectroscopy
(EELS) elemental mapping were conducted by a Gatan GIF-200 spectrometer. For the
synchrotron-based X-ray characterizations, O K-edge and C K-edge X-ray absorption
spectroscopies (XAS) for different samples were collected in Beamline 6.3.1.2 and
8.0.1.4 of Advanced Light Source in Lawrence Berkeley National Laboratory. The C 1s
X-ray photoemission spectroscopy (XPS) measurements were conducted at high
resolution Spherical Grating Monochromator (SGM) beamline in Canadian Light Source
(CLS). The excitation energy and the pass energy for the a high-resolution XPS are 700
and 20 eV, respectively.

6.2.3 Electrochemical measurements
The electrochemical properties of different carbon blacks were measured by examining
the typical 2032-type coin cells. For electrode preparation, the slurry, obtained by
thoroughly mixing 80 wt.% active carbon materials, 10 wt.% acetylene blacks as the
conductive agent, 10 wt.% poly(vinylidene difluoride) (PVDF) binder in a certain amount
of N-methyl pyrrolidinone, was then casted onto the copper foil. After dried under
vacuum at 80 °C for 12 h, the as-formed electrodes were punched into ½ inch pellets
which were further pressed under a certain pressure with the loading mass of about 0.8
mg cm-2. The 2032-type coin cells, which were composed of a sodium foil as anode, a
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counter electrode as cathode, a polypropylene membrane (Celgard 2400) as separator and
electrolytes using different solvents, were assembled in an Argon-filled glove box with
the limited moisture and oxygen contents. The galvanotactic charge/discharge tests were
performed in the voltage range of 0.001~2.5 V at the different current densities under
room temperature by an Arbin BT-2000 Battery Tester. The cyclic voltammetry (CV)
measurements were conducted by a versatile multichannel Biologic VMP3
electrochemical station at 0.1 mV s-1, while the electrochemical impedance spectra (EIS)
were collected at an AC (Alternating Current) voltage of 5 mV amplitude in the
frequency range of 100 kHz to 0.01 Hz.

6.3 Results and Discussion

Figure 6.1 (a) XRD patterns, (b) Raman spectra, and (c) O K-edge X-ray absorption
spectroscopies for different carbon blacks. (d) Synchrotron C 1s XPS for CBC13
carbon black.
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The structural evolutions of different carbon blacks before and after the thermal
treatments have been studied by XRD and Raman spectra. XRD patterns in Figure 6.1(a)
show two obvious peaks at ~24 ° and ~42°, corresponding to the (002) diffraction plane
of layer-by-layer stacking structure for graphene and the (100) diffraction plane of
ordered hexagonal structure for graphite, respectively[41,66]. The coexistence of these
two peaks further hints at an amorphous nature of different carbon blacks. According to
the Bragg equation and the Scherrer equation[32,66,67], the interlayer distance (d002), the
in-lane coherence length (Lc), and the out-of-lane coherence length (La) for the graphitic
domains are calculated and listed in Table 6S.1 (Supporting Information). Even though
the interlayer distance (d002) almost does not change after different thermal treatments,
the value of Lc apparently increases while the value of La obviously decreases, indicating
the consumption of amorphous part during the etching process, which agrees well with
our previous results[64]. Furthermore, the introduction of CO2 during the thermal
treatment could markedly increase the surface area and create the pores with a smaller
size. Meanwhile, the disordered (D) band induced from the defects in the disordered
structure and the graphitic (G) band resulted from the graphitic structure in crystallite can
be separately identified at 1343 and 1590 cm-1 in Raman spectra, respectively [66,68]. As
observed in Figure 6.1(b), the peak for defect-induced D band obviously sharpens with
the decrease of the related half width at half maximum (HWHM) upon the CO2 etching,
while the peak for G band hardly changes, further confirming the decomposition of the
disordered part during the CO2 thermal treatment. It’s noteworthy the strange increase of
ID/IG value after the CO2 etching process at 1050 °C should be originated from the curling
of the stacked graphitic layers with the subsequent shrinkage of the small graphitic
crystals in (100) directions[66,69]. At the same time, the reduced carbon black after
annealing in H2 could present the similar physical properties with a higher surface area
and a larger pore size than that of the functionalized carbon black treated in CO2.
Importantly, the highly surface-sensitive O K-edge XAS in TEY (Total Electron Yield)
mode was conducted to understand the functionalities and the structures of different
carbon blacks as shown in Figure 6.1(c). For pristine N330 carbon black, a strong peak at
533.7 eV can be assigned to the σ* state of C-O from the residual epoxide species, while
two broad peaks at 538.5 and 544.0 eV should be ascribed to the σ* C-O transitions from
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the difference of two C–O bonds in carboxylic acids[70-74]. After the thermal etching in
CO2, CBC13 carbon black could display a weak feature at 530.0 eV and a sharp peak at
532.2 eV, undoubtedly arising from the transitions of O 1s electrons to the π* C=O
states[70,74]. Additionally, an obvious peak at 534.9 eV and a broad peak at 540.0 eV
should be derived from the σ* states of O-H and C-O in hydroxyl groups,
respectively[71,72,75,76]. When it comes to the carbon black after the thermal reducing
in H2, no signal can be observed. The evolution of chemical bonds as evidenced in XAS
clearly demonstrates the formation of functionalities in carbon black after the annealing
process in CO2 and the effective removal of oxygen-containing functional groups by the
subsequent H2 treatment. Furthermore, a high-resolution synchrotron-based XPS was also
applied to characterize the chemical states of carbon as depicted in Figure 6.1(d). The
broad peak could be accordingly deconvoluted into four peaks at 284.0, 285.2, 286.2, and
289.2 eV, respectively. Two strong peaks at 284.0 and 285.2 eV should be attributed to
the sp2 and sp3 hybridized carbon structures[77-79], respectively, while the other two
broad peaks at 286.2 and 289.2 eV separately relate to the C-O bonds and the O-C=O
bonds in the oxygenated functional groups[80-83]. The rich and cogent information
obtained from the underlying structural characterizations and the exceptionally surfacesensitive detections, straightforwardly identified the decomposition of disordered part in
carbon structure and the subsequent formation of microporosity as well as functionalities.
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Figure 6.2 SEM images of (a) N330, (b) CBC13, and (c) CBCH13 carbon blacks. (d)
TEM and (e) HRTEM images of CBC13 carbon black. (f) Elemental mappings in
EELS for C and O K-edge of CBC13 carbon black. (g) Schematic diagram of the
thermal etching and reducing processes.
The morphologies and the structures of different carbon blacks were further examined by
SEM and TEM, as displayed in Figure 6.2(a-f). In the pristine N330 carbon black, the
irregular particles with the size ranging from 20 to 60 nm, are unevenly distributed and
severely aggregated. After the CO2 thermal etching process, the tiny particles diminish,
and the carbon black exhibits a granular morphology with an average particle size around
50 nm. Moreover, the H2 thermal reduction could also slightly reduce the particle size
without changing the spherical shape of the carbon black. Specifically, an apparent shortrange order in turbostratic nanodomains, as shown in HRTEM image of Figure 6.2(e),
reveals an amorphous nature with a partially graphitic structure for CBC13 carbon black.
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Additionally, the elemental mappings in EELS at C and O K-edge in Figure 6.2(f) and
Figure 6S.1, critically confirm the intensive formation of the oxygenated functionalities
in the surface area of nanoparticles after the CO2 thermal treatment. Figure 6.2(g) further
illustrates the evolution of carbon black during the CO2 thermal etching and H2 thermal
reducing processes. Upon reacting with CO2 at 1050 °C, the disordered part would
preferably decompose with the generation of oxygen-containing species on the surface of
carbon black. Then these oxygenated groups in the functionalized carbon black could be
efficiently removed after the thermal reducing process in H2 at 900 °C. The presence of
oxygenated functionalities will unavoidably affect the processes involving the sodium ion
diffusion and the subsequent electrochemical intercalation for carbon materials.

Figure 6.3 Discharge-charge profiles for CBC13 and CBCH13 carbon black at a
current density of 50 mA g-1. Cycle performances of different carbon blacks at
current densities of (a) 50, (b) 100, and (c) 200 mA g-1.
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The pivotal roles of oxygenated functionalities can be proven by the dramatically
different electrochemical performances, as evaluated by the galvanostatic discharge–
charge measurements in an ether-based electrolyte for different carbon blacks. In Figure
6.3(a), the CBC13 carbon black with abundant functional groups delivers an extremely
large reversible capacity of 505 mAh g-1 with an initial coulombic efficiency of 57.9% at
50 mA g-1, but the thermal reducing process could seriously lower the initial charge
capacity for CBCH13 to 175 mAh g-1 with a 57.4% coulombic efficiency. Even though
the fast capacity fading happens at the beginning of the cycling for CBC13 carbon black,
it still exhibits reversible capacities of 483, 472, 393, 356, and 341 mAh g-1 at 2nd, 3rd,
25th, 50th, and 75th cycle, respectively, which are much higher than the corresponding
results for CBCH13 carbon black. Appealingly, most of the discharged/charged
capacities for the functionalized CBC13 carbon black are resulted from the
electrochemical intercalation/extraction occurring below 1.5 V, promising its high
desirability as an anode material with a high energy density for SIBs. Figure 6.3(b-d)
further compares the cycle performances of different carbon blacks at different current
densities. After 100 cycles at 50 mA g-1 as shown in Figure 6.3(b), CBC13 carbon black
maintains a reversible capacity of 327 mAh g-1 with a 64.8% capacity retention, while
N330 and CBCH13 carbon blacks show charge capacities of 196 and 132 mAh g-1,
respectively. Admittedly, the rapid capacity decay at first, originated from the slow but
complex chemical interactions between the oxygenated functionalities and the
electrolytes during the electrochemical reactions, would lead to a comparatively lower
value of the capacity retention than these of the pristine N330 and CBCH13 carbon
blacks. The oxygen-containing functional groups could greatly facilitate the sodium ion
diffusion by abundant ionic/electronic pathways and further enable the subsequent
sodiation/desodiation processes by more sodium ion storage sites. When cycled at 100
mA g-1 over 100 cycles as shown in Figure 6.3(c), CBC13 carbon black still shows a high
charge capacity of 325 mAh g-1 with a 73.5% capacity retention, while the reversible
capacities of pristine N330 and CBCH13 carbon blacks stabilize around 180 and 127
mAh g-1, respectively. The superior cycle stability for CBC13 carbon black can also be
exemplified in Figure 6.3(d) with a highly reversible capacity of 256 mAh g-1 after 200
cycles at 200 mA g-1, which are much higher than these of the pristine N330 and
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CBCH13 carbon blacks. Even cycled at 400 and 800 mA g-1 over 100 cycles, the
reversible capacities of 287 and 278 mAh g-1 could still be obtained for CBC13 carbon
black, respectively, as displayed in Figure 6S.12. In contrast to the poor electrochemical
performances of the pristine N330 and CBCH13 carbon blacks, the significantly
improved capacities of CBC13 carbon black, clearly testify the crucial roles of
oxygenated functionalities in a highly porous structure, not only facilitating the
migrations of electrons/sodium ions through the abundant pathways, but also contributing
to the highly efficient sodium ion intercalations/extractions on more active sites. It is
necessary to point out both functionalities and porosity have great impacts on the
electrochemical properties of carbon blacks, as detailed in Supporting Information.

Figure 6.4 (a) Rate performance at current densities of 50~3200 mA g-1, (b) cycle
performance at a current density of 1600 mA g-1, and (c) rate cycle performance at a
current density of 3200 mA g-1 for CBC13 carbon black.
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In addition to the noticeable reversible capacities, the excellent rate capability and the
remarkable rate cycle stability can also be recognized for the functionalized carbon black,
as shown in Figure 6.4. When cycled at 50, 100, 200, 400, 800, and 1600 mA g-1, CBC13
carbon black can deliver charge capacities of 461, 378, 350, 327, 308, and 275 mAh g-1.
Even applied an increased current density to 3200 mA g-1, it can still retain a highly
reversible capacity of 250 mAh g-1 and further regain a large reversible capacity of 414
mAh g-1 upon restoring the current density to 50 mA g-1. Simultaneously, the CBC13
carbon black displays a highly reversible capacity of 202 mAh g-1 at 1600 mA g-1 over
500 cycles with a 66.44% capacity retention. The outstanding rate cycle performance of
176 mAh g-1 with a 0.0369% capacity degradation per cycle and the stable coulombic
efficiencies approaching 100% could even be achieved at 3200 mA g-1 over 1000 cycles.
The superior electrochemical reversibility and the exceptional rate cycle capability for the
functionalized porous carbon outperform the electrochemical properties of several
carbonaceous anodes in recent reports[21,22,28,31,39,41,84-91]. The ultrafast sodium
ion diffusion and electron transport, benefitted from the oxygenated functional groups in
a desirable porous structure with more active sodium storage sites, could endow the
functionalized carbon black with an ultrahigh rate capability and a highly stable cycle
performance.

214

Figure 6.5 Electrochemical properties for CBC13 carbon black in different
electrolytes and structure evolutions for CBC13 carbon black in ether-based
electrolyte. (a) Cycle performances of CBC13 carbon black in different electrolytes
using DEGDME and EC/DEC as solvents at a current density of 50 mA g-1. (b) CV
curves of CBC13 carbon black in DEGDME-based electrolyte. (c) EIS for CBC13 carbon
black electrodes before and after discharging in different electrolytes (the inset shows
equivalent circuit model). (d) C K-edge X-ray absorption spectroscopies of CBC13
carbon black electrodes at different states when cycling in DEGDME-based electrolyte.
In terms of the carbon anode materials, solvents in electrolytes could also determine the
electrochemical sodiation mechanisms and the corresponding electrochemical
behaviors[49-51]. In the present case, it is necessary to compare the electrochemical
properties of the functionalized carbon black in ether-based and carbonate-based
electrolytes to understand the structural evolution of SEI during the discharging/charging
processes. In Figure 6.5(a), CBC13 carbon black in the EC/DEC-based electrolyte could
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only present an initial reversible capacity of 347 mAh g-1 with a low coulombic
efficiency of 34.7% and a poor capacity retention of 53.6% after 100 cycles at 50 mA g-1.
The superior electrochemical performance for DEGDME-based electrolyte can also be
found in CBCH30 carbon black with an initial reversible capacity of 244 mAh g-1 at 50
mA g-1 over 100 cycles, as shown in Figure 6S.22. A lower reversible capacity and a
faster capacity decay for the carbon black in EC/DEC-based electrolyte should be due to
its sole dependence on the sodium ion insertion into the disordered structures and the
uncontrollable accumulations of a thick SEI layer. Comparatively, DEGDME-based
electrolyte enables the functionalized porous carbon to fully utilize the potential capacity
based on a synergistic combination of the sodium insertion into the disordered structure
with the solvated sodium ion species co-intercalation into the graphitic part. Intriguingly,
a sharp anodic peak appeared around 0.5 V during the first discharging process for
CBC13 carbon black in EC/DEC-based electrolyte in Figure 6S.14, do not arise in the
same process for the electrode in DEGDME-based electrolyte, hinting at a distinct SEI
formation route for the functionalized carbon black in ether-based electrolyte. At the
same time, the negligible differences for intensities and positions of all cathodic/anodic
peaks below 0.5 V in the following cycles, further prove the high electrochemical
reversibility of the functionalized carbon black. Furthermore, the comparisons of EIS in
Figure 6.5(c) and related parameters in Table 6S.4 for the pristine and discharged
electrodes in different electrolytes, also verify the electrochemical advantages of etherbased electrolyte. Owing to the uncontrollable formation of a thick SEI layer on the
surface of CBC13 carbon electrode during the discharging process in EC/DEC-based
electrolyte, its charge transfer resistance would significantly increase, while the
corresponding value in DEGDME-based electrolyte slightly changed. Additionally, the
SEI impedance for the discharged electrode in EC/DEC-based electrolyte are much
higher than that of DEGDME-based electrolyte, implying the limited formation of a
robust and thin SEI film on CBC13 carbon electrode in DEGDME-based electrolyte. On
the one hand, the unconstrained generation of the thick SEI layer in EC/DEC-based
electrolyte would severely lower the initial reversibility/coulombic efficiency, sacrifice
the electrolyte, and inhibit the facile diffusion of sodium ions. On the other hand, the selflimited formation of a robust but thin SEI films in DEGDME-based electrolyte could
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effectively stabilize the carbon structure, accommodate the expanded structure in
discharged carbon, and further promote the rapid migration of sodium ions/solvated
sodium ion compounds[58].
The formation and evolution of SEI for CBC13 carbon black electrodes in DEGDMEbased electrolyte were also investigated by the highly surface-sensitive C K-edge X-ray
absorption spectroscopies in TEY (total electron yield) mode, as shown in Figure 6.5(d).
For the pristine CBC13 carbon black, two obvious features at 285.4 and 292.4 eV should
correspond to the transitions of C 1s electrons toward the π*(C-C) and σ*(C-C)
orbitals[92] , respectively, while the peak at 288.2 eV is related to the π*(C=O)
transitions[92-95]. Upon discharging to 0.001 V, the peaks for the π*(C-C) and π*(C=O)
transitions shift negatively and the σ*(C-C) feature completely disappears. Importantly, a
newly-formed sharp peak around 290.0 eV regarding the σ*(C-O) transitions for the
oxygen-containing functional groups[74,95,96] and a broad peak around 301.0 eV as the
σ*(C=O) feature[74,96,97], can be clearly identified in the XAS measurements, as a
strong evidence for the electrolyte decomposition and the subsequent SEI generation.
When charged the electrode back to 2.5 V, the π*(C-C) feature moves to the initial
position at 285.4 eV and the peak for σ(C-C)* transition reappears around 292.4 eV.
Noticeably, the π*(C=O) peak do not change its position as well as intensity while the
σ*(C-O) feature still maintains its previous position but with a comparatively lower
intensity. The persistence of the σ*(C-O) feature and irreversibility of the π*(C=O) peak
elucidate the preservation of a robust SEI thin film, which could not only efficiently
facilitate the migration of sodium ions and solvated compounds in
electrolyte/interphase/electrode, but also effectively accommodate the volume variations
during the cycling and further avoid the overconsumption of electrolyte, leading to a
highly reversible capacity and an exceptional rate capability.
With the assistance of an advantageously synergistic mechanism for sodium ion storage
in ether-based electrolyte, the oxygenated functionalities could efficiently generate
abundant pathways for ion diffusion and electron transport, contributing to a large
reversible capacity and an excellent rate capability. Meanwhile, the emergence of a
robust but thin SEI film and the subsequent preservation would further stabilize the
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fragile porous structure for the functionalized carbon black. The functionalized porous
carbon with a superior cycle performance at exceptionally high rates, are very desirable
for applications in grid energy storage with the requirements of a high energy density and
a quick response.

6.4 Conclusion
In summary, the functionalized porous carbon black derived from a CO2 thermal etching
route was successfully applied as an anode material for SIBs. Benefitted from its
abundant oxygenated functionalities and the desirable microporosity, the etched carbon
black could deliver an extremely large reversible capacity (505 mAh g-1 at 50 mA g-1), an
outstanding cycle stability (176 mAh g-1 at 3200 mA g-1 after 1000 cycles), and an
exceptional rate capability (250 mAh g-1 at 3200 mA g-1). As unearthed by the
electrochemical and physical characterizations, the controllable formation and the
subsequent preservation of a robust but thin SEI layer in the electrochemical reactions,
could not only facilitate the migrations of sodium ions and solvated compounds, but also
stabilize the fragile structure for porous carbon materials upon the sodium ion
intercalation/extraction processes. The novelty of oxygenated functionalities on the
promotion of sodium storage capability and the advantage of ether-based electrolytes for
a controllable generation of SEI, have directly opened a new avenue for developing highperformance carbon anode materials for SIBs.
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6.7 Supporting Information
6.7.1 Physical and chemical properties
6.7.1.1 CBC13 carbon black
Table 6S.1 Physical properties for different carbon blacks
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Figure 6S.1 EELS mapping for C and O K-edge of CBC13 carbon black.
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6.7.1.2 CBC carbon blacks
Table 6S.2 Physical properties for different CBC carbon blacks
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Figure 6S.2 N2 adsorption/desorption isotherm spectra for different CO2 etched carbon
blacks and pristine N330 carbon black.

Figure 6S.3 Pore size distribution of different CO2 etched carbon blacks and pristine
N330 carbon black.
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Figure 6S.4 X-ray diffraction patterns of different CO2 etched carbon blacks and pristine
N330 carbon black.

Figure 6S.5 Raman Spectra of different CO2 etched carbon blacks and pristine N330
carbon black.
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Figure 6S.6 SEM images of (a-b) CBC13, (c-d) CBC30 and (e-f) CBC50 carbon blacks.
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6.7.1.3 CBCH carbon blacks
Table 6S.3 Physical properties for different CBCH carbon blacks
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Figure 6S.7 N2 adsorption/desorption isotherm spectra for different H2 reduced carbon
blacks and pristine N330 carbon black.
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Figure 6S.8 Pore size distribution of different H2 reduced carbon blacks and pristine
N330 carbon black.

Figure 6S.9 X-ray diffraction patterns of different H2 reduced carbon blacks and pristine
N330 carbon black.
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Figure 6S.10 Raman Spectra of different H2 reduced carbon blacks and pristine N330
carbon black.
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Figure 6S.11 SEM images of (a-b) CBCH13, (c-d) CBCH30 and (e-f) CBCH50 carbon
blacks.
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6.7.2. Electrochemical properties
6.7.2.1 CBC13 carbon black

Figure 6S.12 Cycle performances of CBC13 carbon black at current densities of 400 and
800 mA g-1.

Figure 6S.13 Charge-discharge profiles of CBC13 carbon black in EC/DEC-based
electrolyte at a current density of 50 mA g-1.
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Figure 6S.14 CV curves of CBC13 carbon black in EC/DEC-based electrolyte at 0.1 mV
s-1.

Figure 6S.15 EIS spectra for fresh CBC13 and CBCH13 carbon electrodes in DEGDMEbased electrolyte.
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Table 6S.4 Impedance parameters of electrodes at different states from equivalent circuit
of Nyquist plots
CBC13pristineDEGDME(Ω)
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6.7.2.2 CBC carbon blacks

Figure 6S.16 Cycle performances of different CO2 etched carbon blacks in DEGDMEbased electrolyte at a current density of 50 mA g-1.

241

Figure 6S.17 Charge-discharge profiles of CBC30 carbon black in DEGDME-based
electrolyte at a current density of 50 mA g-1.

Figure 6S.18 Charge-discharge profiles of CBC50 carbon black in DEGDME-based
electrolyte at a current density of 50 mA g-1.
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Figure 6S.19 Cycle performances of different CO2 etched carbon blacks in DEGDMEbased electrolyte at a current density of 100 mA g-1.

Figure 6S.20 Cycle performances of different CO2 etched carbon blacks in DEGDMEbased electrolyte at a current density of 200 mA g-1.

243

6.7.2.3 CBCH carbon blacks

Figure 6S.21 Cycle performances of different H2 reduced carbon blacks in DEGDMEbased electrolyte at a current density of 50 mA g-1.

Figure 6S.22 Cycle performances of CBCH30 carbon black in different electrolytes using
DEGDME and EC/DEC as solvents at a current density of 50 mA g-1.
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Figure 6S.23 Charge-discharge profiles of CBCH30 carbon black in DEGDME-based
electrolyte at a current density of 50 mA g-1.

Figure 6S.24 Charge-discharge profiles of CBCH50 carbon black in DEGDME-based
electrolyte at a current density of 50 mA g-1.
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Figure 6S.25 Charge-discharge profiles of CBCH30 carbon black in EC/DEC-based
electrolyte at a current density of 50 mA g-1.

Figure 6S.26 Cycle performances of different H2 reduced carbon blacks in DEGDMEbased electrolyte at a current density of 100 mA g-1.
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Figure 6S.27 Cycle performances of different H2 reduced carbon blacks in DEGDMEbased electrolyte at a current density of 200 mA g-1.
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Chapter 7

7

Achieving High-performance Phosphorus/Carbon

Anode Materials via Eliminating Self-oxidation for Sodiumion Batteries
7.1 Introduction
The renaissance of sodium-ion batteries (SIBs) in the last decade has been parallel with
the commercialization of lithium-ion batteries (LIBs), which have powered most portable
electronics and futuristic electric vehicles. However, the rocketing price on the lithium
resources and their uneven distributions in the remote areas, have gradually shifted the
research focus on energy storage/conversion from LIBs to other affordable and
sustainable candidates using alternative charging carriers.[1-3] Naturally, SIBs,
accompanied with the ubiquitous sodium resources without toxicity and the similar
electrochemical reaction mechanisms originated from sodium element located in the
same group of the periodic table for lithium, has emerged as promising energy storage
systems, particularly for the large-scale grid energy storage.[4-6] Due to the inner
similarities between SIBs and LIBs, the rapid technology transfer from the wellestablished industry of LIBs could further stimulate the marketable implementation of
SIBs. It is noteworthy to point out a higher equivalent weight of sodium element and a
more positive redox potential for Na+/Na couple compared with lithium counterparts,
would inevitably limit the energy density of SIBs.
Among all obstacles for the operative SIBs, the absence of an appropriate anode used to
determine the electrochemical feasibility and properties. Sodium metal, should not be
considered as a desirable anode for practical applications, due to a number of intrinsic
safety challenges including its low melting point (97.7 °C) and the internal short circuits
caused by the penetration of the polymer separator by the grown dendrites upon
cycling.[7] Concurrently, the industrial availability of graphite and other disordered
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carbon materials have decreased the reversible capacities when used in SIBs compared to
LIBs.[8-11] According to the classification of anode materials in LIBs, it is promising to
select a suitable alloy-type anode material with a high theoretical specific capacity and a
moderate redox potential, involving the multi-electron reactions upon alloying and dealloying.[9,11,12]
Phosphorus is an abundant element that can be easily extracted from the earth’s crust and
has been proposed as a candidate anode for the next-generation SIBs. Theoretically, one
phosphorus will react with three sodium atoms to form Na3P during the alloying process,
yielding a high theoretical capacity of 2596 mAh g-1 within a desirable operating voltage
range (0.1~0.6 V). However, the structural collapse and the subsequent electrode
pulverization for red phosphorus due to the large volume expansion/shrinkage (~292%)
upon sodiation/desodiation, would diminish the reversible capacity and the battery cycle
life. Furthermore, the low electronic/ionic conductivity of red phosphorus further weaken
the rate capability of this materials.[13-15] In order to address the above-mentioned
challenges, several conductive materials including flexible carbon materials (carbon
black[16-19], carbon nanotubes[20], graphene[21-24], 3D (three-dimensional)
carbon[25], composite[26]), electrochemically active metal/carbon materials(Sn4P3[2731], SnP3[32], Se4P4[33], and GeP5[34] ), and electrochemically inactive metal/carbon
materials (FeP[35], CuP2[36], Ni2P[37], red P@Ni-P[38], P-TiP2-C[39]), have been
employed to buffer the large volume variation and improve the electronic/ionic
conductivity of red phosphorus. Additionally, the phosphorus particles have been
introduced by an evaporation-condensation method into the several conductive and robust
structures, including porous carbon[40,41], carbon nanofibers[42,43], carbon
nanotubes[44], mesoporous carbon[45], MOF-derived microporous carbon[46], graphene
paper[47], and aerogel[48]. Very recently, the successful liquid syntheses of iodinedoped phosphorus nanoparticles[49] and hollow red phosphorus nanospheres[50] have
demonstrated the strong capability of nanotechnology in this emerging field.
It is noteworthy that four different allotropes of phosphorous exist including white, violet,
red (amorphous), and black phosphorus, with each presenting strikingly different
physicochemical properties. For electrochemical use, the white phosphorus is highly
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flammable and pyrophoric, while the violet phosphorus can solely be prepared by longheating of the red phosphorus. The complicated fabrication of black phosphorus involves
an ultralong heating process under a high vacuum. Recently, the layer-structure
phosphorene, exfoliated from the black phosphorus, has been utilized as an anode
material for LIBs[51-54] and SIBs[22,26,55,56]. Red Phosphorus is thus left as a
commercially available and inexpensive source.[57] As the electronic structure of
phosphorus is 3s23p3, it should be easily oxidized and generally exists as inorganic
phosphate. Even though the black phosphorus is the most thermodynamically stable
among the available crystal phases, it rapidly reacts with O2/H2O in air which degrades
its electrical properties.[54,58-60] In contrast, the understanding on the stability of red
phosphorus (or phosphorus-based composites) in air is yet lacking. At the same time, the
impact of the structural change in air on the corresponding electrochemical performance
is also unknown. Therefore, it is appealing to gain a more thorough understanding of the
air stability of red phosphorus-based electrodes.
In this regard, we have synthesized phosphorus/carbon composites through a
conventional ball-milling method, identified the effects of air exposure time for
phosphorus electrodes on their electrochemical properties, and studied the chemical
evolution of the surface in these conditions, which can provide the strategic insights
toward the developments and the applications of phosphorus-based electrodes.

7.2 Experimental
7.2.1 Materials synthesis
Phosphorus/carbon composites were prepared via a planetary ball-milling at 600 rpm for
24 h to mix the commercial red phosphorus(purity>97%, Sigma-Aldrich) and the porous
carbon (Ketjen black, EC600JD). Based on the previous reports, the weight ratio of red
phosphorus to porous carbon was 7: 3.[18,19] The weight ratio of iron steel ball-milling
balls to all starting materials was 20:1. In order to fully pulverize the large particles of red
phosphorus and produce a homogeneous mixture, three balls with different diameters (3,
5, 8 mm) were employed in a weight ratio of 1:1:1, respectively. After initially weighing
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the starting materials and the different balls, all parts were mixed in a steel vial and
sealed in a glove box filled with Argon.

7.2.2 Physical characterizations
The crystalline structures of the ball-milled compounds were identified using X-ray
Diffraction (XRD) with a Bruker D8 Advance (Cu-Kα source, 40kV, 40mA)
spectrometer. Raman spectroscopy measurements were conducted using a HORIBA
Scientiﬁc LabRAM HR spectrometer system equipped with a 532.4 nm laser. The
morphologies of the initial materials and the phosphorus/carbon composite were observed
using a Hitachi S-4800 field emission scanning electron microscope (SEM) operated at 5
keV and a high-resolution transmission electron microscopy (HRTEM) (JEOL 2010
FEG) equipped with an energy-dispersive X-ray spectrometer (EDX). For the
synchrotron-based X-ray characterizations, the P K-edge X-ray absorption spectroscopy
(XAS) in fluorescence yield (FLY) mode and the P L-edge X-ray absorption
spectroscopy (XAS) in total electron yield (TEY) mode were measured under high
vacuum in Soft X-ray Microcharacterization Beamline (SXRMB) and Variable Line
Spacing Plane Grating Monochromator (VLS-PGM) in Canadian Light Source,
respectively. The surface-oriented high-resolution X-ray photoelectron spectroscopy
(XPS) was collected at the VLS-PGM beamline with a pass energy of 20 eV and an
excitation energy of 230 eV. The depth-oriented high-resolution XPS was recorded at the
SXRMB beamline with a pass energy of 200 eV using three different excitation energies
of 3000, 4900, and 7000 eV.

7.2.3 Electrochemical measurements
Initially, the conductive agent (acetylene black), the Na-CMC (sodium carboxymethyl
cellulose, low viscosity, EMD Millipore) binder, active material (phosphorus/carbon
composite) were dissolving into appropriate amount of distilled water using a weight
ratio of 1.5: 1.5: 7, respectively. The as-prepared homogeneous slurry was then casted
onto a clean copper foil and further dried at 60 °C under vacuum overnight. Electrodes
were punched into to ½ inch pellets and subsequently pressed, yielding a loading mass of
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~1.5 mg cm-2 per pellet. To study the air instability of phosphorus electrodes and its
effects on their electrochemical performance, four pellets have been selected and placed
in ambient environment for 3, 7, 10 and 15 days, respectively.
Half-cell configuration 2032-type coin cells, employing phosphorus electrode as a
cathode, polypropylene membrane (Celgard 3501) as a separator, and sodium metal as an
anode immersed in electrolyte, were assembled in an Ar-filled glove box. The electrolyte
was prepared by dissolving 1.0 mol L-1 of sodium perchlorate(NaClO4) in a solution of
ethylene carbonate(EC) and diethyl carbonate electrolyte (DEC) by 1: 1 in volume with
10 wt% fluorinated ethylene carbonate(FEC). The electrochemical behavior of
phosphorus electrodes was evaluated using cyclic voltammetry(CV) in a Biologic VMP3
electrochemical station at a sweep rate of 0.2 mV s-1. Galvanostatic charge/discharge
performance was evaluated between 0.001~2.0 V (vs Na/Na+) at various current densities
under room temperature using a LAND (Wuhan Kingnuo Electronics, China) cycler.
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7.3 Results and Discussion

Figure 7.1 Basic physical properties for the P/C composite. (a) XRD patterns for
carbon black, red P and P/C composite. (b) Raman spectra and (c) P K-edge X-ray
absorption spectroscopies for Red P and P/C composite. (d) Synchrotron-based surfaceoriented P 2p XPS for P/C composites.
XRD was employed to evaluate the crystal structures of the initial starting material and
the P/C composite. In Figure 7.1(a), an amorphous nature of carbon black is observed
with the appearance of two broad peaks around 26° and 43°, which can be indexed to the
(002) phase mode of graphite and the (100) phase mode of the ordered hexagonal
structure in graphite.[61-63] The commercial red P displays three obvious peaks,
including a sharp peak at 15°, a strong broad peak at 32°, and a weak broad peak at 55°,
hinting at a medium-range ordered structure.[44,46] Interestingly, two broad peaks at 32°
and 55° can be observed for P/C composite, demonstrating the phase preservation of red
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phosphorus after ball-milling process. Raman spectra presented in Figure 7.1(b) shows
the appearance of two strong peaks at 1334 and 1590 cm-1 for P/C composite, which can
be attributed to the D band of a disordered sp2 carbon phase and the G band of a graphitic
structure in amorphous carbon black, respectively.[26] Normally, the P7 and P9 cages in
amorphous red P are utilized to construct pentagonal tubes in coupled layers, while the
sharp peak around 350 cm-1 is attributed to P9 cages.[64] Hence, the existence of
phosphorus element in the composite can be verified by three peaks of P-P bonding
between 300~500 cm-1 for red phosphorous and P/C composite. Additionally, the
relatively lower intensities for these peaks may be due to the partial breakup of P-P
bonding and the generation of P-C bonding upon the formation of P/C composite.[21,65]
Basically, the emergence of the X-ray absorption at P K-edge should be resulted from the
electron transition from 1s core level to 3p unoccupied orbital.[66] Comparing the P Kedge X-ray absorption spectroscopies of red P and the P/C composite, a stronger peak
around 2144.5 eV is found for the composite as shown in Figure 7.1(c). This not only
agrees with the K-edge in P4 molecule, but also implies a decrease in the size for red
phosphorus with a high feedback intensity.[66] Concurrently, a new peak as observed at
2152.5 eV should be attributed to the partial oxidation of phosphorus[67-70],
corresponding well with the XPS data obtained for P/C composite, as shown in Figure
7.1(d). According to the previous reports on the peak-fitting for XPS[21,25,47], these two
broad peaks can be deconvoluted into 5 individual peaks. The sharp peak at 132.2 and
131.2 eV are related to the P 2p3/2 and P 2p1/2 characteristics from the P-P bonding, while
two weaker peaks at 131.9 and 130.9 eV are derived from the P 2p3/2 and P 2p1/2 features
from the P-C bonding. Moreover, a broad peak at 133.8 eV is related to the strong P-C
bonding. Based on the previous physical characterizations, it is clear to know the P/C
composite has maintained most red phosphorus features and suffered from the
phosphorus oxidation.
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Figure 7.2 Morphologies and structures for red phosphorus and P/C composite.
SEM images of (a-b) red phosphorus and (c-d) P/C composite. (e) Low-magnification
TEM image, (f) high-magnification TEM frame and the corresponding (g) P, (h) C
elemental mappings for P/C composite.
The morphologies of red P and P/C composite were compared and presented in Figure
7.2(a-d) alongside the elemental distribution of phosphorus and carbon. As depicted in
Figure 7.2(a-b), the large red P particles with the sizes ranging from 10 to 50 µm are
loosely stacking and unevenly distributed. After the ball-milling process, the average size
of the most P/C particles can be reduced below 200 nm, as shown in Figure 7.2(c-d).
Additionally, several microparticles are irregularly distributed among nanoparticles.
Regardless of the partial aggregation of the tinny granules with the size below 100 nm in
Figure 7.2(e), the P/C composite in Figure 7.2(f-h) realized the elemental enrichments of
phosphorus and carbon, proving a homogeneous integration of phosphorus with carbon.
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Figure 7.3 Electrochemical behaviors for the pristine electrode and the electrodes
exposed in air for different days with or without FEC additive. CV curves of (a) the
fresh pristine electrode, the electrode exposed in air for (b) 3 days, (c) 7 days, (d) 10
days, (e) 15 days all with FEC additive in electrolyte, and (f) the fresh pristine electrode
without FEC additive in electrolyte at a scan rate of 0.2 mV s-1.
CV was performed at a scan rate of 0.2 mV s-1 between 0.001 and 2.0 V (vs. Na+/Na) to
understand the effects of air aging for phosphorus electrodes on their electrochemical
behaviors, as presented in Figure 7.3. During the initial sodiation process of the pristine
electrode, a single irreversible broad peak can be found at 0.61 V, corresponding to the
decomposition of electrolyte and the generation of a solid electrolyte interphase(SEI)
layer. Additionally, a series of anodic features at 0.55, 0.79, and 1.42 V represent a
stepwise phase conversion of Na3P to Na2P, NaP, and NaP7 intermediates,
respectively.[18,45,71] Importantly, the peak in D region reflects the sodiation process,
while the peaks in A, B, and C regions orderly correspond to the desodiation process. In
the subsequent cycles, the cathodic peaks gradually move to the D region of 0.35~0.14 V,
while the anodic features remain in the same positions of A, B, and C regions. When
comparing electrodes exposed to air for 3, 7,10, and 15 days, the first irreversible
cathodic peak and the subsequent anodic peak in the C region almost disappear. Even
though the anodic peaks for the D region in the repeated cycles are located around 0.24
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V, the cathodic peaks within the A and B regions gradually move from 0.55/0.79 V to the
higher voltages of 0.57/0.91, 0.62/0.93, 0.62/0.94, and 0.72/0.96 V with the increase of
air exposure, respectively. Concurrently, the peak intensity within the A region rapidly
decreases while the B region peaks gradually increase in intensity. An increase in the
voltage polarization, as identified in Figure 7.3(a-e), can be attributed to the gradual
oxidation of the phosphorus electrodes, which not only reduces the amount of active
materials, but also impede the electronic/ionic migrations by accumulating the insulating
phosphorus-oxygen compounds. Moreover, the vital role of FEC additive in electrolyte
for phosphorus anode has been revealed in Figure 7.3(f). Without the formation of an
electronically insulating and ionically conductive SEI layer, the highly active sodiumphosphorus alloy compounds would continuously react with the electrolyte, leading to an
electrochemical failure during the discharging/charging processes.

Figure 7.4 Discharging and charging profiles of (a) the pristine electrode and the
electrode (b) in air for 3 days, (c) in air for 7 days, (d) in air for 10 days, (e) in air for
3 days with FEC additive, and (f) the pristine electrode without FEC additive in
electrolyte at a current density of 400 mA g-1.
The electrochemical performances of the pristine electrode and the electrodes in air for
different days were evaluated by the galvanotactic discharge-charge tests, as shown in

257

Figure 7.4. The pristine electrode delivers an initial discharge capacity of 1572 mAh g-1
and a highly reversible charging capacity of 1373 mAh g-1. Interestingly, the electrodes
exposed to air for 3, 7, 10, and 15 days demonstrate the decreased charging capacities of
1087, 618, 420, and 304 mAh g-1, respectively. Furthermore, the first columbic efficiency
is also found to decrease from 89.3% for the pristine electrode to 82.5%, 48.5%, 40.8%,
and 33.2% for the electrode in air for 3, 7, 10, and 15 days, respectively. The rapidly
decreasing specific capacity and columbic efficiency correlated with the air exposure
time, clearly demonstrate the electrochemical deterioration of phosphorus electrodes
because of the oxidation. Moreover, the gradual increase of the voltage charging plateau
in Figure 7.4 agrees well with the position change found for the anodic peaks in Figure
7.3. This obvious voltage hysteresis further decreases the electrochemical stability of
phosphorus electrodes in air. Additionally, the increase of the specific capacity during the
electrochemical activation of phosphorus electrodes, also rises along with the air
exposure time due to the accumulation of P-O compounds in P/C composites. Among all
samples tested, the pristine electrode could display the reversible discharging capacities
of 1450, 1454, 1487, 1387, 1243, 1080 mAh g-1 and the large charging capacities of
1437, 1442, 1472, 1369, 1223, 1070 mAh g-1 at 10th, 25th, 50th, 100th, 150th, 200th
cycle, respectively. These electrochemical results are comparable to those reported in the
literatures with a similar phosphorus-carbon system.[18-21,24-26,39,43,44,48,71] For the
pristine electrode studied without the use of FEC additive, the initial discharging and
charging capacities of 1329 and 1128 mAh g-1 were determined, respectively. However,
the charging voltage plateau rapidly increases, while the discharging voltage plateau
decreases, leading to the fast capacity diminishment.
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Figure 7.5 (a) Cycle performances of the pristine electrode, the electrodes in air for
different days with FEC additive, and the pristine electrode without FEC additive in
electrolyte at a current density of 400 mA g-1. (b) Rate performance and (c) the
corresponding discharging and charging profiles at different current densities.
Figure 7.5(a) presents the systematic investigation of cycle performances for the
electrodes exposed to air for the different length of time. Clearly, the initial capacity
decreases for electrodes left in air with a longer period. Compared with a first charging
capacity of 1373 mAh g-1, the pristine electrode demonstrates a reversible capacity of
1070 mAh g-1, corresponding to 1528 mAh g-1 as 58.9% of the theoretical specific
capacity for P (2596 mAh g-1 corresponding to the formation of Na3P), after 200 cycles at
400 mAh g-1. For electrodes left under ambient conditions for 3, 7, 10, and 15 days, the
charging capacities of 902, 716, 526, and 445 mAh g-1 are observed over 200 cycles,
respectively. Furthermore, a fast capacity degradation disables the electrochemical
capability of the pristine electrode without utilizing FEC additive in electrolyte.
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However, a comparison of cycling stability for different electrodes, further poses a
question regarding the phase evolution of phosphorus electrodes in air. Compared with
the decreased capacities for electrodes in air for more days, the capacity retention
initiated from 20th to 200th cycles after the electrochemical activation, increases from
74.3% for the pristine electrode to 75.8%, 83.7%, 89.6%, and 98.4% for the electrodes in
air for 3, 7, 10, and 15 days, respectively. This phenomenon on the improved
electrochemical cycle stability is an emergent property dependent on two factors. On the
one hand, a decreased amount of active materials coupled with a self-oxidation process,
may lead to a lower specific capacity, imposing the weaker evolutions of volume
expansion/shrinkage on electrode structures. On the other hand, a gradual accumulation
of phosphorus-oxygen compounds on the surface may help to buffer the low-level
volume changes for P/C electrodes upon cycling. As displayed in Figure 7.5(b-c), the
pristine electrodes deliver the reversible capacities of 1719, 1647, 1490, 1264, and 871
mAh g-1 at the current densities of 100, 200, 400, 800, and 1600 mA g-1, respectively.
When cycled at 3200 mA g-1, the pristine electrode could still present a highly reversible
capacity of 479 mAh g-1. After 65 cycles at the high current densities, the charging
capacity could return to 1719 mAh g-1. In terms of the strikingly different electrochemical
properties for electrodes in different conditions, it is quite urgent to explore their
structural evolution and phase transformation.

Figure 7.6 (a) Raman spectra, (b) P K-edge and, (c) P L-edge X-ray absorption
spectroscopies for the pristine electrode and the electrodes in air for different days.
As shown in Figure 7.6(a), the Raman spectra displays three features in the range of
300~500 cm-1, indicating the existence of phosphorus in the aged electrodes. However,
the decreasing intensity of these peaks with the increasing air exposure time further
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provides the evidence for the gradual growth of phosphorus-oxygen compounds. P Kedge X-ray absorption spectroscopies presented in Figure 7.6(b), were employed to
understand the structural evolution of phosphorus electrodes in air. The strong peak at
2144.5 eV is related to 1s core-level electron transitions to the vacant t2*(p-like) antibonding orbitals, while another two peaks at 2150.6 and 2152.5 eV arise from the shape
resonance or the multiple scattering.[72,73] In this circumstance, the major K-edge at a
lower energy position reflects the P-P bonding, while another two peaks at the high
energy region may be owing to the P-O bonding in the species of (PO2)3- and (PO4)3-,
respectively.[38,54,74,75] The decrease of peak intensity for the P-P bonding (2144.5
eV) and the increase of intensity for the P-O bonding (2152 eV) with the increasing
duration in air, further confirm the accumulation of (PO4)3- compounds and the loss of
active phosphorus. X-ray absorption spectroscopies performed at the P L-edge presented
in Figure 7.6(c), display two peaks at 136.9 and 137.7 eV as a result of the electron
transitions from the 2p3/2 and 2p1/2 levels after the spin-orbit split 2p into the first
unoccupied 3s-like antibonding state, respectively.[73,76,77] A peak at 138.9 eV is
resulted from the mixed-valence band electron transitions.[78] However, several other
publications suggest this signal is originated from the electron transitions to a 3p-like
antibonding state, considering the possible mixture of this signal with other features from
oxygen and metals.[77,79,80] A broad peak at 147.0 eV stems from the 2p to 3d
transitions.[77] For the pristine electrode, the positions of the peaks for the electron
transitions from split 2p orbitals to 3s-like antibonding state are shifted to the lower
energy regions. The increasing intensity ratios of the peak at 137.7 eV to the peak at
136.9 eV for electrodes aged in air, further verify the structural distortion of phosphate
tetrahedron, which conforms to the continuous growth of (PO4)3- compounds on the
surface of phosphorus particles.
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Figure 7.7 (a) The surface-oriented and (b-d) the depth-oriented P 2p X-ray
photoemission spectroscopies with different photon energies for the red phosphorus,
the pristine electrode, and the electrodes in air for different days.
The surface and depth-oriented X-ray photoemission spectroscopies were utilized to
understand the phase evolution of phosphorus electrodes in air, providing the unique
benefit of allowing for a variable depth of analysis by adjusting the excitation photon
energy. Utilizing a low photon energy of 230 eV, only one peak at 134.5 eV,
corresponding to the P-O bonding from (PO4)3- or (PO2)3- compounds, is observed in
Figure 7.7(a) for the red P, the pristine electrode, and the electrodes exposed to air with 3
to 7 days. [38,50,53,54,71,74,75] After exposing the electrodes to ambient conditions for
10 and 15 days, the P-O bonding peak is shifted to 135.5 eV, indicating the structural
distortion for phosphate after the continuous reaction between phosphorus and oxygen.

262

Increasing the excitation photon energy to 3000 eV, allowing for a deeper penetration
level, the peak for the P 2p feature can be found at 130.2 eV for the pristine electrode,
while the peak intensities for the P-O bonding at 134.0 eV for the electrodes under
different conditions are increasing along with the air aging periods, as shown in Figure
7.7(b). In Figure 7.7(c-d), the peak intensities for the lower-energy P-P bonding decrease
and the peak intensities for the high-energy P-O bonding increase with the longer air
exposure. Namely, the thickness of phosphate layers increases with the exposure to
ambient air.

Figure 7.8 The schematic diagram of structural evolutions during the
sodiation/desodiation processes for the fresh and oxidized red phosphorus.
Based on the spectroscopic insights toward the chemical evolution of phosphorus
electrodes, and its electrochemical relationship of a better cycle stability with a longer air
exposure time, a schematic diagram for the fresh and oxidized red phosphorus is
presented in Figure 7.8. For the pristine electrode, the fresh red P particles have a large
area of contact with the conductive agent and the mixed carbon black, contributing to a
large reversible capacity and a superior rate capability in the facile formation of Na3P.
However, the alloying/dealloying with 3 Na per atom for this pristine material inevitably
results in the large volume expansion/shrinkage (up to changing rate of 300%), inducing
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the structural collapse, the electrode pulverization, and subsequently a fast capacity
degradation. When the surface of red phosphorus is partially oxidized, as with the case
for the electrode left in air for 3 days, the mass of active phosphorus material slightly
decreases, leading to the less drastic volume changes during the sodiation/desodiation
processes. Although the as-formed passivation layers in a self-oxidation process can
partially accommodate the poorer volume variations, the few red phosphorus particles
would still crack after the repeated cycles and lose the electric contact with the copper
foil, giving rise to the decrease of the reversible capacity upon cycling. When the surface
of red phosphorus particles is fully oxidized, there is a drastic decrease in active with the
minimal volume changes, leading to a highly reversible capacity and a stable cycle
performance. However, this structural robustness imparted by the insulating phosphate
comes with a penalty to the specific capacity and the energy density. Consequently, the
fully utilization of phosphorus and its composites for battery applications is highly
dependent on a self-oxidation process. Namely, it is necessary to inhibit the physical
contact between phosphorus electrodes and ambient air. Atomic layer deposition (ALD)
and molecular layer deposition (MLD), as ideal coating techniques with the nanoscale
thickness, the uniformity and the conformity, could be the powerful routes to engineer a
passive coating.[81-86]

7.4 Conclusion
In summary, a P/C composite was fabricated using a conventional ball-milling technique.
When applied as an anode material for SIBs, the pristine electrode delivered an initial
discharge capacity of 1572 mAh g-1 with a columbic efficiency of 89.3%. Furthermore, a
reversible capacity of 1070 mAh g-1 was obtained over 200 cycles at 400 mA g-1. These
promising results may be attributed to the reduced size of red P particles and the
improved electronic/ionic conductivity imposed by the carbon black. Surprisingly, the
electrodes exposed to ambient air displayed strikingly different electrochemical
properties, compared to the pristine electrode. Based on the Raman and the synchrotronbased X-ray absorption/photoelectron spectroscopies, we observed the gradual formation
of surface phosphate layers via a self-oxidation process. Although these phosphate layers
may help to stabilize the phosphorus particle from the large detrimental volume changes,
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the loss of active materials and the accumulation of insulating layers would deteriorate
the electrochemical reversibility and stability for phosphorus/carbon electrodes. In
addition, the function of a robust SEI layer, resulted from the decomposition of
electrolyte with FEC additive, have been electrochemically confirmed in suppressing the
side reactions between active electrode surface and electrolyte. The novel discovery on
the relationship between electrochemical activity/stability and phase evolution on the
phosphorus surface could throw a light on storing conditions and structural designs of
phosphorus-based anode materials.
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7.7 Supporting Information

Figure 7S.1 X-ray diffraction patterns of the pristine electrode and the electrodes in air
for different days.
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Figure 7S.2 Cycle performances of the pristine electrode at 100 and 200 mA g-1.

Figure 7S.3 Cycle performances of the pristine electrode at 400 and 800 mA g-1.
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Figure 7S.4 Cycle performances of the pristine electrode at 1600 and 3200 mA g-1.

Figure 7S.5 The comparison of the cycle performances for the pristine electrode with
those in other reports.
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Table 7S.1 Comparison of cycling parameters
This
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Chapter 8

8

An Unexpected Role of a Binder in Phosphorus/Carbon

Anode for Sodium-ion Batteries
8.1 Introductions
The industrialization of lithium-ion batteries(LIBs) with a high energy density and an
inherent safety, has commercialized the portable electronics and enabled the applications
of electrical vehicles(EVs). However, the profound uncertainty on the limited lithium
resources in remote areas and their subsequently soaring prices in recent years, hindered
the future applications of LIBs.[1-3] Sodium-ion batteries(SIBs) with naturally
abundance and environmental benignity, have been revisited as promising candidates for
energy storage in the large-scale applications.[4,5] As the elemental sodium is located in
the same group of the periodic table as lithium, SIBs have inherited the similar reaction
mechanisms involving sodium intercalation/alloying/conversion and the analogous
physicochemical properties including the larger ionic size of Na+ compared with Li+(1.02
vs 0.76 Å).[6-8] Even though the sluggish kinetics regarding Na+ diffusion and structural
instability of host by a huge volume change limited the specific energy densities and the
cycle durability of SIBs, their significant advantage in cost effectiveness determined the
potential applications in the stationary grid energy storage and the intermittent renewable
energy storage.[9-11]
The absence of a suitable anode used to question the feasibility of SIBs. Graphite, known
as a typical layer-structured anode in LIBs, cannot be utilized for SIBs, owing to the
thermodynamically unfavorable formation of Na-graphite intercalated compounds.[1215] Regardless of the sodium metal having safety issues involving its low melting point
(97.7 °C) and the inevitable dendrite growth upon repeated cycling[8], disordered carbon
materials with increased interlayer distances and more active sites for sodium storage,
presented highly reversible capacities around 300 mAh g-1 but with poor rate
capabilities.[16-24] Even the well-established nanotechnologies were applied to tailor the
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electrochemical properties of carbon materials, the applications cannot meet the
requirements of the highly durable and affordable SIBs.[25-28] It is urgently necessary to
develop high-capacity and low-cost anode materials with a superior electrochemical
performance.
Phosphorus, based on an alloying reaction for 1 phosphorus and 3 sodium per atom, has
emerged as an ideal anode material, with a highest theoretical capacity of 2596 mAh g-1
and a desirable working voltage plateau of 0.1~0.6 V.[29-32] Generally, there are four
different allotropes of phosphorus, including red, black, white, and violet, each with
strikingly different physicochemical properties. The white phosphorus is highly
pyrophoric and flammable, while the violet and black phosphorus are difficult to
synthesize with the stringent requirements for an ultralong heating. Only the
commercially available and relatively stable red phosphorus can be utilized as an actual
anode material for SIBs.[33] Unfortunately, a low electronic conductivity (~10-14 S cm-1)
for the red P triggered a larger polarization and a low utilization of active materials.[34]
Additionally, the huge volume expansion/shrinkage (292%) for red P in the repeated
sodiation/desodiation processes, gradually resulted in the structural collapse and the
subsequent pulverization for active materials along with a fast capacity degradation. To
circumvent these challenges, the porous carbon is homogeneously mixed with the red P.
This mixed composite aided to facilitate the electron/ion migrations and buffer the large
volume changes[30-33,35-62].
The fabrication of phosphorus/carbon composites either involved the mechanical-milling
or the vaporization-condensation route. The mechanical-milling approach, including
hand-grinding and machine-milling processes, was employed to reduce the particle size
of the red P and mix it with the porous carbon materials (carbon black[30-32,35], carbon
nanotubes[36], graphene[37-40], 3D (three-dimensional) carbon[41], composite[42]).
The vaporization-condensation method, initially sublimated the solid of the red P above
450°C and naturally dispersed the vapor during condensation by capillary force and
pressure difference into the robust and conductive carbon matrix (porous carbon[33,43],
carbon nanofibers[44,45], carbon nanotubes[46], mesoporous carbon[47], MOF-derived
microporous carbon[48], graphene paper[49] and aerogel[50]), which could
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accommodate the huge volume variations upon the sodiation/desodiation processes. Even
though the vaporization-condensation route maintained the nanostructure of the host
matrix, the P content in the composite scarcely reached 50%, limiting the specific
capacity and the energy density of the as-synthesized P/C composite. Conversely, the
versatility of the ball-milling method provided the simplicity and the scalability, which
can be easily applied to prepare P/C composites with the adjustable P contents at a
minimal cost.
Typically, a sodium-ion battery was composed of a cathode, and an anode with a
separator between them in the electrolyte. The electrode consisted of an active material, a
conductive agent, and a polymer binder which have been dissolved in the solvent to
prepare a slurry and then casted onto a current collector (aluminum foil for cathode and
copper foil for anode). In terms of component functionality, the active material
determined the basic electrochemical properties, while the conductive agent promoted the
electronic conductivity. A polymer binder was utilized to bond the active material and the
conductive agent together with the current collector, facilitating the electron transport and
the ion diffusion.[63,64] For phosphorus anodes, which undergo the huge volume
expansion/shrinkage upon the sodiation/desodiation processes, a polymer binder played a
critical role in maintaining the structural integrity and the electrochemical stability.
Particularly, the chemical stability towards the solvent/active material and the mechanical
stability for the large volumetric changes should be the primary factors in achieving the
phosphorus electrodes with a highly reversible capacity and a durable cycle stability.
Herein, we systematically compared the effects of traditionally used poly(vinylidene
difluoride) (PVDF) binder and aqueous binders on the electrochemical performances of
P/C anodes. The PVDF dissolved in the N-methyl pyrrolidone (NMP) with a low
flexibility/coherence strength cannot accommodate the huge volume changes.
Furthermore, this binder was found to induce the oxidation of phosphorus during the
preparation of P/C electrodes. With the assistance of the water-based binders, the major
phase of phosphorus in electrodes can be retained and the structural stability associated
with the electrochemical durability would be improved. At the same time, the aqueous
binders would strongly bond with the P/C composites and the carbon black together to
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the current collector, enabling the rapid migrations of electrons and ions. Unexpectedly,
the applications of certain binders would greatly affect the oxidation degrees and
electrochemical properties of P/C electrodes.

8.2 Experimental
8.2.1 Material synthesis
The phosphorus/carbon composites were fabricated using a conventional ball-milling
method at 600 rpm for 24h. The weight ratio of the red phosphorus (purity>97%, SigmaAldrich) and the carbon black (Ketjen black, EC600JD) was adjusted to 7: 3, according to
the previous reports.[32,35] To fully mix phosphorus and carbon, the weight ratio of the
iron steel milling balls, composed of three balls with different diameters (3, 5, 8 mm) and
the same weight, to the whole starting materials was 20: 1. All components, including the
initial materials and the milling balls, are mixed in a steel jar and sealed in an Ar-filled
glove box.

8.2.3 Physical characterizations
Morphological evolutions of electrodes after the discharging/charging processes were
observed by a Hitachi S-4800 field emission scanning electron microscope (FE-SEM)
operated at 5 keV. For the synchrotron-based X-ray techniques, the P K-edge X-ray
absorption spectroscopy (XAS) in fluorescence yield (FLY) was collected in the Soft Xray Microcharacterization Beamline (SXRMB) to understand the structural information
of electrodes with different binders and further track the phase transformation of
phosphorus electrodes upon the sodiation/desodiation. Additionally, the depth-oriented
high-resolution X-ray photoelectron spectroscopy (XPS) measurements with a pass
energy of 200 eV and three different photon energies of 3000, 4900 and 7000 eV were
performed at the same beamline to study the effects of surface passivation on the
electrochemical properties.

282

8.2.3 Electrochemical measurements
In the preparation of electrodes, a slurry was obtained by homogeneously dissolving and
mixing 70 wt.% active materials (P/C composite), 15 wt.% conductive agents (acetylene
black), and 10 wt.% polymer binders in a certain amount of the corresponding solvent,
and then casted onto a copper foil. Specially, the electrodes using a traditional
poly(vinylidene difluoride) (PVDF, Alfa Aesar) binder with N-methyl pyrrolidone
(NMP, Sigma-Aldrich) as a solvent, aqueous binders of sodium alginate (SA, MP
Biomedicals), sodium carboxymethyl cellulose (Na-CMC, Low viscosity, EMD
Milipore), poly(acrylic acid) (PAA, ~100,000, Sigma-Aldrich), polyvinylpyrrolidone
(PVP, ~1, 300, 000, Sigma-Aldrich), polyethylene glycol (PEG, 2000, Alfa Aesar) and
chitosan (CHI, low molecular weight, Sigma-Aldrich) with water as a solvent, denoted as
PVDF, SA, CMC, PAA, PVP, PEG, and CHI electrodes, respectively. After drying at
60°C overnight, the as-prepared electrodes were punched into ½ inch pellets and then
pressed, yielding a loading weight of ~1.5 mg cm-2. The 2032-type coin cells, consisting
of phosphorus electrode as a cathode, polypropylene membrane (Celgard 3501) as a
separator, sodium metal as an anode in the electrolyte, were employed to study the
electrochemical performances of the phosphorus electrodes using different binders. The
electrolyte was 1.0 mol L-1 sodium perchlorate in a solution of ethylene carbonate(EC)
and diethyl carbonate (DEC) (1: 1 in volume) with the 10 wt.% addition of fluorinated
ethylene carbonate (FEC). The cyclic voltammetry(CV) at a sweep rate of 0.2 mV s-1 was
conducted by a Biologic VMP3 electrochemical station and the electrochemical
discharging/charging performance was measured by a LAND (Wuhan Kingnuo
Electronics, China) cycler between 0.001~2.0 V (vs Na/Na+) at the various current
densities under room temperature.
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8.3 Results and Discussion

Figure 8.1 SEM images of the pristine (a-b) SA, (e-f) PAA, (i-j) CMC and the cycled
(c-d) SA, (g-h) PAA, (k-l) CMC electrodes.
As shown in Figure 8.1(a-b) for the SA electrodes, the small particles below 200 nm are
uniformly distributed around the larger particles that are around 400-600 nm. Carbon
black, with an average size of 100 nm, associated with some P/C nanoparticles, can be
found between the large particles. Similarly, the PAA electrodes of Figure 8.1(e-f) and
the CMC electrodes of Figure 8.1(i-j) both present an even distribution of the small
particles (~ 200 nm) and the tiny carbon black particles (~100 nm) around the larger
particles (300-800 nm). Admittedly, a partial aggregation of tiny particles occurs in these
electrodes, the mixtures of the P/C composites and the conductive agents are uniformly
dispersed on the copper foils. Importantly, these mixtures are bonded together by the
functional binders with hydroxyl groups. To understand the structural stabilities of
electrodes using different binders, their morphologies were characterized after 20 cycles
or charging/discharging, as shown in Figure 8.1. Interestingly, the structures of the large
particles around 400-600 nm can be maintained, while the tiny carbon blacks around 100
nm are still located around the large particles for the SA electrodes in Figure 8.1(c-d).
Even though several small particles around 200 nm, partially agglomerate to form of the
larger granules around 600 nm, most particles below 200 nm appear between the larger
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particles, for the PAA electrodes in Figure 8.1(g-h). When it comes to the electrodes
fabricated using CMC binder after cycling in Figure 8.1(k-l), the smaller particles around
200 nm and the tiny carbon black particles around 100 nm, retain their structures without
severe aggregations.

Figure 8.2 SEM images of the pristine (a-b) CHI, (e-f) PEG, (i-j) PVP, (m-n) PVDF
and the cycled (c-d) CHI, (g-h) PEG, (k-l) PVP, (o-p) PVDF electrodes.
Figure 8.2 further compares the morphological evolutions of the CHI, PEG, PVP, and
PVDF electrodes upon cycling. For the pristine CHI electrode in Figure 8.2(a-b), the
small particles below 200 nm are situated between the larger particles that are around 1
µm. At the same time, the tiny particles of carbon black around 100 nm can be found
surrounding the smaller particles around 200 nm and the larger granules around 400 nm,
as displayed in Figure 8.2(e-f) for the PEG electrodes and Figure 8.2(i-j) for the PVP
electrodes. Additionally, most small particles below 200 nm become severely aggregated,
generating the micron-sized bulk particles for Figure 8.2(m-n). When it comes to the
electrodes using CHI as a binder, several spherical particles around 300 nm near the tiny
carbon black particles around 100 nm are evenly distributed in the gaps between the large
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agglomerated granules after 20 cycles, as shown in Figure 8.2(c-d). The cycled PEG
electrodes also present a uniform distribution of the aggregated particles around 200 nm.
Furthermore, the aggregation of particles below 200 nm is more obvious for the cycled
PVP electrodes in Figure 8.2(k-l). For the cycled PVDF electrodes, only thick bulks
consisting of the small particles below 200 nm, can be observed in Figure 8.2(o-p). It is
also clear that the broken PVDF chains occur between two large bulks, indicating the low
structure stability of PVDF electrode. The improved structural stability of the SA, PAA,
and CMC electrodes with the minimal pulverizations, should be originated from the
strong bonding capability of these binders to confine active materials and conductive
agents, and their high structural flexibility to accommodate the large strains from the
huge

volume

expansion/shrinkage

during

the

repeated

sodiation/desodiation

processes.[63,64]

Figure 8.3 CV curves of (a) SA, (b) PAA, (c) CHI, (d) PEG, (e) PVP, and (f) PVDF
electrodes at a scan rate of 0.2 mV s-1.
Electrochemical behaviors for electrodes made with different binders were studied using
the cyclic voltammetry (CV) at a scan rate of 0.2 mV s-1 between 2.0 and 0.001 V (vs
Na/Na+). During the first discharging process, both the SA and PAA electrodes present a
broad peak around 0.6 V, because of the irreversible electrolyte decomposition and the

286

formation of solid electrolyte interphase(SEI), as shown in Figure 8.3(a-b). Similarly, this
peak can also be found in the first sodiation of the CMC electrode, as shown in the
supporting information (Figure 8S.4). However, this feature becomes unclear for the
CHI, PEG, PVP, and PVDF electrodes, implying a failure in generating a robust SEI film
which can effectively suppress the side reactions on the surface between the electrode
and the electrolyte. A sharp peak around 0.001 V is observed at the end of the first
cathodic process for all electrodes. During the first charging process, three peaks at 0.58,
0.81, and 1.42 V can be observed in Figure 8.3(a) for the SA electrode, indicating a
gradual phase conversion from Na3P to Na2P, NaP, and NaP7 compounds,
respectively.[32,47,65] Simultaneously, the position for the strongest anodic peak in
Figure 8.3(b) of the PAA electrode moves to 0.59 V, while the first two peaks for the
CMC electrode move to the lower positions of 0.55 and 0.79 V, respectively. In addition
to the strongest peak at 0.58 V, the CHI electrode in Figure 8.3(c) displays two other
features at 0.83 and 1.45 V, respectively. For the PEG electrode in Figure 8.3(d), only
two peaks at 0.63 and 0.93 V can be found in the first charging process. The PVP
electrode in Figure 8.3(e) shows two strong peaks at 0.65 and 0.84 V with a broad peak at
1.48 V. When it comes to the PVDF electrode, only one peak at 0.94 V can be observed
in the first anodic process. In the subsequent cycles, a noticeable cathodic peak for the
SA electrode is located at 0.15 V, while the positions of this corresponding feature in the
PAA, CMC, and CHI electrode, gradually move to the lower regions, regardless of this
common feature around 0.001 V. The PEG, PVP, and PVDF electrodes also present
several strong cathodic peaks between 0.25 and 0.001 V. Due to the electrode activation
in the first few cycles, the intensity of the first anodic peak around 0.6 V, gradually
increases for the SA, PAA, CMC, CHI, and PEG electrodes. However, the anodic peaks
for the PVP and PVDF electrodes subsequently move to the lower positions, while the
peak intensities continuously decrease upon cycling, hinting at a poor electrochemical
activity/reversibility for the PVP and PVDF electrodes. Importantly, the lower anodic
peak positions and the stable peak intensities for the SA, PAA, and CMC electrodes,
compared with the higher cathodic peak positions and the decreasing peak intensities for
other electrodes, further demonstrate the electrochemical advantage in binder
optimization to resist the electrochemical polarization and extend the cycle durability.
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Figure 8.4 Discharging/charging profiles for (a) SA, (b) PAA, (c) CHI, (d) PEG, (e)
PVP, and (f) PVDF electrodes at a current density of 400 mA g-1.
In Figure 8.4, the galvanostatic discharge-charge tests were presented and used to
evaluate the electrochemical properties of the electrodes using different binders at 400
mA g-1. In the first cycle for Figure 8.4(a), the SA electrode delivers a remarkable
discharge of 1984 mAh g-1 and a large charge capacity of 1734 mAh g-1 with a columbic
efficiency of 87.4%. The PAA and CMC electrodes in Figure 8.4(b) and Figure 8S.5(a),
display the first discharging capacities of 1379 and 1572 mAh g-1 as well as the reversible
charging capacities of 1155 and 1374 mAh g-1, along with the initial columbic
efficiencies of 83.8% and 87.4%, respectively. The CHI electrode exhibits the initial
discharge and charge capacities of 1326 and 957 mAh g-1 with an initial columbic
efficiency of 72.2%, respectively. Unfortunately, the PEG and PVP electrodes present the
initial discharge capacities of 867 and 569 mAh g-1 with the columbic efficiencies of
56.1% and 70.0%, respectively. Surprisingly, the PVDF electrode could only obtain a
discharging capacity of 604 mAh g-1 and a charging capacity of 276 mAh g-1 with a
columbic efficiency of 45.7%, which are much lower than the electrochemical results for
the electrodes using aqueous binders. Table 8.2 further compared the charging capacities

288

of different electrodes at a current density of 400 mA g-1. Because the charging voltage
plateau is a critical parameter for anode materials, this value gradually increased from 0.5
V for the SA, PAA, CMC, and CHI electrodes to 0.6 V for the PEG electrode and 0.75 V
for the PVP and PVDF electrodes, which are consistent with the results in comparison of
cathodic features in Figure 8.3. The decreased phosphorus utilization and the fast
capacity degradation for PEG, PVP and PVDF further question their capability in
fabricating a stable phosphorus electrode with a high electrochemical activity. Although
the charging voltage plateau for SA, PAA and CMC electrodes gradually increases with
cycling, it is straightforward to find the merits of these functional binders in promoting
the electrochemical activity and reversibility by effectively bonding the P/C composites
with the conductive agents on the current collectors.
Table 8.1 Comparison of the charging capacities after different cycles for various
electrodes at a current density of 200 mA g-1.
Charging
Capacity

1st

2nd

5th

10th

25th

50th

75th

100th

SA

1761 1774 1779 1785 1789 1748 1674

1561

PAA

1574 1592 1605 1627 1634 1609 1526

1450

CMC

1603 1624 1636 1654 1646 1643 1567

1455

CHI

1215 1243 1292 1311 1306 1272 1217

1145

PEG

1011 1029 1048 1060 1033 1006

967

914

PVP

778

734

487

233

87

48

41

30

PVDF

286

372

355

244

129

64

43

36

(mAh g-1)
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Figure 8.5 Cycle performances of different electrodes at the current densities of (a)
100, (b) 200, (c) 400 and (d) 800 mA g-1.
To further understand the relationship between binder selections and electrochemical
properties, the cycle performances were evaluated between 2.0 and 0.001 V (vs Na/Na+)
at the various current densities, as presented in Figure 8.5. Specifically, the specific
capacity based on total weight of the P/C composite is shown on the left vertical axis,
while the corresponding value at right vertical axis can be calculated based on the weight
of P ignoring the capacity contribution from carbon black. When applied at a low current
density of 100 mA g-1 for Figure 8.5(a), the slow but progressive sodiation/desodiation
reactions enable the SA, PAA, and CMC electrodes to have large discharging capacities
of 2174, 1954, and 1887 mAh g-1 as well as highly reversible charging capacities of 1825,
1681, and 1683 mAh g-1 in the first cycle, respectively. At the same time, the CHI, PEG
and PVP electrodes display the initial discharging/charging capacities of 1729/1271,
1603/1064, and 1295/919 mAh g-1, respectively. However, the electrode made using
PVDF merely exhibits a low discharging capacity of 721 mAh g-1 and a poor charging
capacity of 501 mAh g-1 at the beginning. In terms of the columbic efficiency in first
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cycle, SA, PAA, CMC, CHI, PEG, PVP, and PVDF present 84.0%, 86.0%, 89.2%,
73.5%, 66.4%, 71.0%, and 69.5%, respectively. After 50 cycles at 100 mA g-1, SA, PAA,
CMC, CHI, and PEG electrodes could demonstrate the reversible charging capacities of
1741, 1695, 1650, 1253, and 1019 mAh g-1 with the ultrahigh capacity retentions of
95.0%, 98.0%, 97.3%, 97.3%, and 95.7% starting from the 2nd cycle, respectively. But
the PVP and PVDF electrodes could only deliver the charging capacities of 677 and 76
mAh g-1 with the relatively low capacity retentions of 73.9% and 17.0% after the 2nd
cycle, respectively. When the current density was adjusted to 200 mA g-1, the SA, PAA,
CMC, CHI, and PEG electrodes possess the first discharging/charging capacities of
2061/1761, 1847/1574, 1849/1603, 1612/1215, and 1466/1011 mAh g-1 in Figure 8.5(b),
respectively. As compared in Table 8.1, the SA, PAA, CMC, CHI, and PEG electrodes
could still have highly reversible charging capacities of 1561, 1450, 1455, 1145, and 914
mAh g-1 over 100 cycles with the considerable capacity retentions of 88.6%, 92.1%,
90.8%, 94.2%, and 90.4%, respectively. Although the PVP and PVDF separately display
the initial discharging/charging capacities of 1026/778 and 618/286 mAh g-1, the
reversible capacities rapidly drop to 30 mAh g-1 upon cycling, hinting the difficult
electron/ion migrations because of using these binders.
Table 8.2 Comparison of the charging capacities after different cycles for various
electrodes at a current density of 400 mA g-1.
Charging
Capacity

1st

2nd

5th

10th

25th

50th

100th 150th 200th

SA

1734 1724 1733 1753

1763

1733

1592

1356

1082

PAA

1155 1414 1461 1495

1510

1496

1377

1204

983

CMC

1374 1392 1427 1437

1442

1472

1369

1223

1071

CHI

957

1067 1128 1156

1170

1137

1025

876

717

PEG

487

587

695

718

710

652

567

(mAh g-1)

633

661
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PVP

398

536

428

254

113.8

79

52

43.1

33

PVDF

276

350

381

226

133

70

45

27

21

Table 8.3 Comparison of the charging capacities after different cycles for various
electrodes at a current density of 800 mA g-1.
Charging
Capacity

1st

2nd

5th

10th

25th

50th

100th 150th 200th

(mAh g-1)
SA

1163 1355 1328 1350 1394 1437

1399

1257

1048

PAA

1077 1252 1300 1347 1382 1360

1255

1082

893

CMC

1171 1214 1234 1259 1267 1259

1160

1001

753

CHI

862

877

895

925

951

950

901

816

690

PEG

475

658

675

716

677

641

539

441

330

PVP

543

572

287

102

49

34

24

18

13

PVDF

12

15

38

49

53

53

46

38

32

Furthermore, the cycle performances for various electrodes using a current density of 400
mA g-1 were also compared and listed in Figure 8.5(c) and Table 8.2, respectively. After
200 cycles, the SA, PAA, CMC, CHI, and PEG electrodes display the capacity retentions
of 62.8%, 69.5%, 76.9, 66.6%, and 96.6%, respectively. When cycling at 800 mA g-1,
shown in Figure 8.5(d), the SA, PAA, and CMC electrodes can still deliver the initial
discharging/charging capacities of 1436/1163, 1291/1077, and 1367/1171 mAh g-1, while
the CHI and PEG electrodes also present the initial discharging/charging capacities of
1081/862 and 682/475 mAh g-1, respectively. After 200 cycles, the SA, PAA, CMC, CHI,
and PEG electrodes could retain the discharging/charging capacities of 1064/1048,
902/893, 767/753, 696/690, and 335/330 mAh g-1 with the capacity retentions of 90.1%,
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82.9%, 64.3%, 80.0%, and 69.5%, respectively. The charging capacities of different
electrodes at a current density of 800 mA g-1 were compared in Table 8.3. Unfortunately,
the cycle life for PVP and PVDF electrodes at 400 and 800 mA g-1 only last for 20
cycles. It is also noteworthy that the increase of reversible capacity for phosphorus
electrodes at the beginning of the cycling should attributed to the activation of P/C
composites during the sodiation/desodiation process. Critically, the strikingly different
electrochemical performances for various electrodes using diverse binders, further
testified the structural and chemical significance of a suitable binder to fully utilizing
active materials in an electronic/ionic conductive and highly stable structure.

Figure 8.6 Rate performances for (a) SA and (b) PAA electrodes with the
corresponding discharging and charging profiles for (c) SA and (d) PAA electrodes
at the different current densities.
The rate capabilities of the SA and PAA electrodes were evaluated in Figure 8.6 and
Table 8.4. The SA electrode is found to obtain the stable charging capacities of 1835,
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1811, 1805, 1465, 1430, and 1203 mAh g-1 at a current density of 100, 200, 400, 800,
1600, and 3200 mA g-1, respectively. At the same time, the PAA electrode delivers the
reversible capacities of 1740, 1655, 1507, 1366, 1173, and 824 mAh g-1 at a current
density of 100, 200, 400, 800, 1600, and 3200 mA g-1, respectively. Increasing the
current density to 4800 and 6400 mA g-1, SA electrodes could still deliver the reversible
capacities of 817 and 761 mAh g-1, which are higher than those for PAA electrodes (449
and 256 mAh g-1, respectively). Further increasing the current density to 8000 mA g-1, the
reversible capacities of 401 and 242 mAh g-1 could be achieved for SA and PAA
electrodes, respectively. Interestingly, the highest reversible capacity of 1835 mAh g-1 for
SA electrodes based on the total weight of P/C composite, corresponds to 2521 mAh g-1
based on weight of P (considering the specific capacity of carbon black is 100 mAh g-1 at
100 mA g-1), which is approaching the theoretical specific capacity of 2596 mAh g-1 for
the red P. This result clearly proves the fully utilization of active P in SA electrode with a
highly stable structure. Particularly, a superior cycle performance of a 90.1% capacity
retention over 200 cycles at 800 mA g-1 and an outstanding rate capability with 401 mAh
g-1 at 8000 mA g-1 for the SA electrode are very competitive, compared with the
electrochemical properties of phosphorus/carbon anodes in the similar systems.[32,3537,40-42,45,46,50,62,65] Based on the excellent cycle stability and rate capability, the
SA electrode in Figure 8S.6(a) could deliver the highly reversible capacities of 844, 789,
768, 627, and 437 mAh g-1 at 1600, 3200, 4800, 6400, and 8000 mA g-1 after 200 cycles,
respectively. Additionally, the PAA in Figure 8S.6(b) separately maintains the charging
capacities of 788, 479, 340, 144, and 137 mAh g-1 at 1600, 3200, 4800, 6400, and 8000
mA g-1 after 200 cycles, while the CMC electrode barely works at a current density above
3200 mA g-1.
Table 8.4 Comparison of the charging capacities for various electrodes at different
current densities.
Current density
(mA g-1)
SA (mAh g-1)

100

200

400

800

1600 3200 4800 6400 8000

1835 1811 1805 1465 1430 1203

817

761

401

294

PAA (mAh g-1)

1740 1655 1507 1366 1173

CMC (mAh g-1) 1719 1647 1490 1264

871

824
479

449

256

242

No performance

Interestingly, the aqueous binders, including CMC[31,32,36,37,39,42,45,52,61,65] and
PAA[35,40,51,59,62], were the primary choices for the early studies on the phosphorus
anodes. However, the conventional PVDF polymer reoccupied its position of binders in
the fabrication of phosphorus-related electrodes[38,41,46-48,54-56,66-74]. As the
aqueous binders could effectively attach to the active materials and the conductive agents
via the abundant oxygen-containing functional groups, the PVDF binder merely
combined the other components through the weak Vander Walls Force from the hydrogen
and fluorine atoms.[63,64] A prevailing question on the PVDF binder, should be its rigid
structure with a low flexibility and a poor adhesive capability, which cannot tolerate the
enormous mechanical strains imparted by the huge volume changes occurring for the
multi-electron reactions for the high-capacity anode materials.[58,75,76] Without the
strong chemical bonding between electrode components, the structural collapse and the
electrode pulverization induce the loss of an electrical contact between the active material
and the current collector, leading to a rapid capacity decay and a battery failure.
However, in addition to the structural considerations, what is the phase evolution of
active material (phosphorus) during the preparation of electrode?
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Figure 8.7 (a) Synchrotron-based P K-edge X-ray absorption spectroscopies and (bd) depth-oriented P 2p X-ray photoelectron spectroscopies with variable photon
energies for different electrodes.
Synchrotron-based X-ray techniques have been known for their uniquely elemental
sensitivity in detecting the extremely slight changes to chemical states. The tunable
photon energy, ranging from several hundred electronvolt (eV) for soft-X-rays to a few
hundred thousand eV for hard X-rays, offers a spectroscopic opportunity to study the
phase evolution from the surface to the bulk. [77,78] Figure 8.7(a) presents the P K-edge
X-ray absorption spectroscopies for different electrodes. The first peak at 2144.5 eV
originates from the electron transition from the 1s core level to the vacant t2*(p-like)
anti-bonding orbitals, and another two peaks at 2152.5 and 2168.9 eV may be related to
the shape resonance or the multiple scattering.[79,80] Specifically, the K-edge peak at
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2144.5 eV corresponds to the P-P bonding, while the peak at 2152.5 eV and the broad
peak at 2168.9 eV represent the P-O bonding in the species of (PO2)3- and (PO4)3-,
respectively.[61,67,76,79-81] Comparing the X-ray absorption spectroscopies for
different electrodes, the peak intensity for P-P bonding gradually decreases from the SA,
PAA, and CMC to CHI, PEG, PVP, and PVDF electrodes. Simultaneously, the SA, PAA,
and CMC electrodes only display a minor peak at 2152.5 eV for P-O bonding, while
several stronger peaks emerge at the same position with the increasing intensities for the
CHI to PVP, PEG, and PVDF electrodes. Additionally, a broad peak appeared at 2168.9
eV for the P-O bonding also increase in the intensity along with the peak at 2152.5 eV.
The regular changes of the peaks for the P-P bonding and the P-O bonding reveal the
oxidation of phosphorus in electrodes utilizing the specific binders. As the preparation of
electrodes follows the same procedure, the oxidation of phosphorus in P/C composite is
proposed to occur during the fabrication process. Critically, the degree of oxidation
slowly increases in the following order of the CHI, PEG, PVP, and PVDF electrodes,
while the SA, PAA, and CMC electrodes demonstrate the negligible oxidation. To further
clarify the oxidation effect for electrodes made using various binders, the synchrotronbased X-rays with the tunable penetration depths, are employed to collect the highresolution P 2p X-ray photoelectron spectroscopies from the surface to the bulk, as
displayed in Figure 8.7(b-d). Generally, the peak at 130.2 eV represents the P 2p feature
while the peak around 134.0 eV represents the P-O bonding in the species of (PO2)3- and
(PO4)3-.[61,65,67,68,71,76,81] Increasing the photon energy to 3000 eV, as shown in
Figure 8.7(b), the peaks for the P-P bonding weaken from the SA to PAA and CMC
electrodes, while no peak can be observed for the CHI, PEG, PVP, and PVDF electrodes.
Additionally, the peaks for the P-O bonding at 134.0 eV increase from the SA to PAA,
CMC, CHI, PEG, PVP, and PVDF electrodes. This situation clearly demonstrates the
weak oxidation behaviors of the SA, PAA and CMC electrodes and the severe oxidation
phenomena imparted by the CHI, PEG, PVP and PVDF binders. Further increasing the
photon energy to 4900 eV, the peaks for the P 2p feature move to 130.4 eV. The
appearance of this peak in the SA, PAA, and CMC electrodes with the decreasing
intensities are accompanied with its absence in the CHI, PEG, PVP, and PVDF
electrodes. At the same time, the peaks at 134.0 eV for the P-O bonding have the
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increasing intensities in the order of the SA, PAA, CMC, CHI, PEG, PVP, and PVDF.
Even the photon energy is increased to 7000 eV, the peak at 130.2 eV for the P-P
bonding still did not appear for the CHI, PEG, PVP, and PVDF electrodes, while the
changing rule of the peaks intensities in the high energy region (134.0 eV) for the P-O
bonding is also the same as before, proving the orderly increasing oxidation degrees from
the SA to PAA, CMC, CHI, PEG, PVP, and PVDF electrodes. This oxidation
phenomenon and tendency, as identified by the high-resolution X-ray photoelectron
spectroscopies, conform to the preliminary results from the X-ray absorption
spectroscopies. To conclude, the selection of a suitable binder not only determines the
structural stability of phosphorus anodes with the huge volume expansion/shrinkage, but
also affects the phase purity of active phosphorus material in the fabrication of the
electrodes.
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Figure 8.8 Ex-situ P K-edge X-ray absorption spectroscopies (in right position) for
the (a) SA and (b) CMC electrodes at different states (in left position) during the
discharging/charging processes. A region: The P-P bonding from the pristine P/C
composite; B region: The P-Na bonding from the NaxP; C region: The P-O bonding from
the (PO2)3- species; D region: The P-O bonding from the (PO4)3- species.
To understand the phase transformations and reaction mechanisms of phosphorus anodes,
the highly sensitive ex-situ P K-edge X-ray absorption spectroscopies were conducted for
different electrodes in Figure 8.8. Because the penetration depth of X-rays with a medium
energy might be around 5 nm, this ex-situ detection presumably provides the detailed
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information toward the solid electrolyte interphase(SEI) on the surface of P/C composites
made with different binders.
For SA electrodes, as shown in Figure 8.8(a), only a major peak within the A region of
2144.5 eV can be observed, while the intensity for peak in the D region of 2152.5 eV has
been weakened by the mylar film, which is employed to prevent the physical contact
between sample and air. After discharging to 0.5V, the SA electrode displays a peak at a
higher energy position of 2144.8 eV and a broad peak at the C region of 2150.5 eV, while
the intensity for peak in the D region of 2152.5 eV gradually increases. As the A position
peak for the P-P bonding in the pristine material is related to the electron transition from
the 1s core level to the vacant t2*(p-like) anti-bonding orbitals, while the peak in the C
region represents the P-O bonding from the (PO2)3- species in Na2HPO2 or monovalent
phosphorus inorganic/organic compounds.[79-82] Additionally, a broad peak in the D
region

is

attributed

to

the

P-O

bonding

from

the

(PO4)3-

species

in

NaxHy(PO4)z.[61,67,76,79-81] Compared with the (PO4)3- species on the surface which
are products of the reactions between phosphorus and electrolyte, most (PO2)3- species in
the SEI film are normally resulted from the reactions between the highly active sodiated
phosphorus(NaxP) compounds, the (PO4)3- species, the residual phosphorus, and the
electrolyte.[81] When discharging to 0.25 V for the SA electrode, a new peak emerges at
the B position of 2145.5 eV, which could be assigned to the P-Na bonding in the
formation of NaxP. At the same time, the peaks in the C and D regions have not changed
in shape and intensity. Interestingly, the SA electrode discharged to 0.001 V shows a
sharp peak in the B region of 2145.5 eV, indicating the stronger bonding between the P
and Na atoms. Simultaneously, the peak at the C region become more obvious, due to the
increasing side reactions between Na3P and electrolyte. Subsequently, the peak within the
B region presents no difference after charging the SA electrode to 0.45, 0.5, and 0.75V,
while the peak in the C region gradually diminishes, hinting the instability of (PO2)3species during the charging process. The decrease of the peak intensity at the D position,
for (PO4)3- species in the SEI film, is related to their reactions with NaxP to produce the
unstable (PO2)3- species. After charging back to 2.0 V, a major peak is found again at
2144.8 eV, while the peaks in the C and D regions completely disappeared, in accordance
with the decomposition and the dissolution of surface species.
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Ex-situ spectroscopic measurements of CMC electrodes are displayed in Figure 8.8(b).
Even though the same bonding features are presented in the spectroscopies, several
differences on the phase evolution can be observed between the CMC and SA electrodes.
As the pristine CMC electrode become partially oxidized, a minor peak at the C position
around 2150.0 eV may be related to the P-O bonding in the (PO2)3- species. At the same
time, a broad peak in the D region at 2152.5 eV should be attributed to the P-O bonding
in the (PO4)3- species, while the major peak in the A region of 2144.5 eV represents the P
features.[61,67,76,79-81] Similarly, the peak within the A region does not change, while
peaks in the C and D regions become more apparent for CMC discharged to 0.5 V.
Notably, the movement of the first peak from 2144.5 eV to 2145.5 eV, further confirms
the emergence of NaxP in the CMC electrode discharged to 0.25 V. However, the peak
intensity within the A region greatly decreases, while two broad peaks in the C and D
regions become sharper with the increasing intensities, after discharging from 0.25 to
0.001 V for the CMC electrode. This phenomenon should be attributed to the
considerable formation of the (PO2)3- species via the reactions of the NaxP compounds,
the (PO4)3- species, the residual phosphorus, and the electrolyte, while the increase of
(PO4)3- species were due to the severe reactions between phosphorus and electrolyte.[81]
During the charging process from 0.001 to 0.75 V, the peak at the B position represents
the existence of NaxP with a little change, while the peaks in the C and D regions
maintain their intensities. After charging back to 2.0 V for the CMC electrode, the first
peak moves back to region A with a peak appearing at 2144.5 eV, while the peaks in the
C and D regions return to their original locations, demonstrating the chemical instability
of these surface species.
Based on the collected ex-situ data, both SA and CMC present good a electrochemical
reversibility with the formation and the decomposition of the (PO2)3- and (PO4)3- species
on the surface during the sodiation/desodiation processes. Importantly, the phosphate
compounds, resulting from the oxidation of active phosphorus in the fabrication of
electrodes, engage in the reactions between the electrolyte and the pristine phosphorus as
well as the sodiated phosphorus.
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Figure 8.9 Schematic diagram of structural evolutions for electrodes using different
binders.
The structural evolutions of electrodes prepared using different binders are illustrated in
Figure 8.9. After the preparation of electrodes, the SA, PAA, and CMC electrodes display
a minimal oxidation, while the CHI and PEG electrodes are partially oxidized.
Furthermore, the PVP and PVDF electrodes were found to be severely oxidized in the
bulk with the least amount of active red P. For the unoxidized electrodes, the highly
flexible binders with a strong cohesive strength, can accommodate the huge volume
change for the phosphorus anodes, and maintain the structural integrity during the
sodiation/desodiation processes. When it comes to the partially oxidized electrodes, the
oxidation

layers

on

the

surface

can

effectively

buffer

the

large

volume

expansion/shrinkage during the discharging/charging processes. However, these aqueous
binders with a low adhesive force, have a difficulty in withstanding these large volume
changes, resulting the isolation of particles and causes the loss of electrical contact to
other components including the current collector. In the deeply oxidized electrodes, after
cycling, the individual particles aggregate to form the large island-like particles, leading
to the severe fracture of binders with a rigid structure and a poor flexibility. Even though
the minor parts of the oxidation could help to cushion the volume expansion of the
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limited red P, the most insular bulks lost the electrical contact with the current collectors,
inducing the extremely inferior electrochemical properties.
As the preparation of electrodes follows a similar procedure, the oxidation of electrodes
may be attributed to the interactions between the binders and the P/C composite in the
solvent during the drying process. On the one hand, a certain binder in the water may
extend the evaporation time in an oven, resulting in an advanced oxidation of the
electrode. On the other hand, the NMP solution may react with the highly reactive P/C
composites, leading to the severe oxidation of P/C electrode using PVDF binder. Even
though these speculations need to be experimentally confirmed, it is desirable to adjust
the drying time at a lower temperature.

8.4 Conclusion
In summary, the relationship between different binders and their electrochemical
properties for P/C composite was studied. Phosphorus/carbon anodes utilizing sodium
alginate as a binder, delivered the highest reversible capacity of 1835 mAh g-1 and a
superior rate capability of 401 mAh g-1 at 8000 mA g-1 as well as an outstanding cycle
stability at 400 and 800 mA g-1 over 200 cycles. Surprisingly, the spectroscopic insights
via the synchrotron-based X-ray techniques, have offered a novel explanation regarding
the oxidation of active phosphorus in P/C composites. The electrodes applying SA, CMC,
and PAA, demonstrated the increased reversible capacities and the enhanced
electrochemical stabilities as well as the improved rate capabilities. The benefits of these
binders stem from a minimum oxidation of active phosphorus in electrodes and a high
adhesive strength/flexibility to accommodate the huge volume changes upon cycling.
Additionally, the electrodes with the poor electrochemical performances displayed an
increased aggregation of the individual particles along with the degree of oxidation.
Intriguingly, the ex-situ P K-edge X-ray absorption spectroscopies for the electrodes
using sodium alginate and sodium carboxymethyl cellulose as binders, demonstrated the
formation and the decomposition of the monovalent phosphorus and phosphate
intermediates during the sodiation and desodiation processes. The dramatic
understandings on the structural evolution and the phase transformation for phosphorus
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would undoubtedly facilitate the development of high-performance anode materials and
further pave a new way to achieve highly durable, affordable, and sustainable SIBs with
acceptable energy densities.
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8.7 Supporting Information

Figure 8S.1 SEM images of the pristine (a-b) SA, (e-f) PAA, (i-j) CMC and the cycled
(c-d) SA, (g-h) PAA, (k-l) CMC electrodes.
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Figure 8S.2 SEM images of the pristine (a-b) CHI, (e-f) PEG, (i-j) PVP, (m-n) PVDF and
the cycled (c-d) CHI, (g-h) PEG, (k-l) PVP, (o-p) PVDF electrodes.

Figure 8S.3 Molecular structures of different binders.
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Figure 8S.4 The CV curve of CMC electrode between 2.0 and 0.001 V (Na/Na+) at a scan
rate of 0.2 mV s-1.
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Figure 8S.5 Discharging/charging curves of CMC electrode at (a) 400 and (b) 800 mA g-1
and its (c) rate performance as well as the corresponding (d) discharging/charging curves
at the different current densities.

Figure 8S.6 The rate cycle performances of (a) SA and (b) PAA electrodes at different
current densities
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Chapter 9

9

Summary and Future Work

9.1 Summary
Even though LIBs have dominated the markets of power sources for consumer
electronics and electric vehicles, the challenges related to the limited lithium resources in
the controversial regions have driven the researchers to develop sustainable
electrochemical energy storage systems. SIBs, based on the similar reaction mechanisms
toward lithium counterparts, have emerged as desirable candidates for LIBs in the largescale grid energy storage, due to the naturally abundance, the low cost, the non-toxicity,
and the environmental friendliness for sodium resources. However, a larger size of Na+
triggered a kinetic problem for electrode materials, while a higher equivalent weight and
a more redox potential for sodium further imposed a theoretical restriction on the specific
energy density of SIBs. Specifically, the absence of suitable anode materials, considering
the safety issues of the sodium metal, also questioned the practicality, the sustainability,
and the affordability of SIBs. This doctoral work is dedicated to developing promising
anode materials, especially carbon-based and phosphorus-based anode materials, in
pursuit of a large reversible capacity, a long cycle stability, a high rate capability, a facile
fabrication, and an acceptable cost.
In the first part, a commercial N330 carbon black, which was initially applied in an etherbased electrolyte, could present a larger reversible capacity than that for the same
electrode in a carbonate-based electrolyte. Furthermore, the NH3 and CO2 treatments at
high temperatures were employed to tailor the porosity and the functionality of the
pristine N330 carbon blacks, aiming for an outstanding reversible capacity and an
ultralong rate cycle life in ether-based electrolyte.
In the second part, a P/C composite with the 70 wt.% of red phosphorus was firstly
synthesized by a conventional ball-milling method. It was found the phosphorus electrode
stabilized in air for a longer time would have a thicker passivation layer on surface and a
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decreased reversible capacity with an improved cycle stability. Moreover, the
electrochemical properties of the P/C composite were optimized by using various binders.
The electrochemical performances of electrodes applying different binders, surprisingly
correspond to their surface passivation degrees and losses of active phosphorus materials.

9.1.1 Carbon-based materials
A commercial N330 carbon black in an ether-based electrolyte delivered a large
reversible capacity of 234 mAh g-1 in the first cycle and a desirable rate capability of 105
mAh g-1 at 3200 mA g-1, benefitted from the full utilization of the solvated sodium ion
species co-intercalated into the graphitic structure with the sodium ions inserted into the
disordered structure. Critically, the controlling formation and evolution of a SEI film, as
observed by EIS and XAS, further contributed to the fast migrations of sodium
ions/solvated compounds and the high structural stabilities of carbon electrodes.
A NH3 thermal etching route was applied to tune the porosity of the pristine N330 carbon
blacks. Based on a synergistic sodium storage mechanism in the ether-based electrolyte,
the CBN35 carbon black with a highest microporosity and a suitable surface area, could
demonstrate an outstanding initial charging capacity of 352 mAh g-1 at 50 mA g-1 and an
excellent rate capability of 125 mAh g-1 at 3200 mA g-1. Even cycled at 3200 mA g-1 over
3200 cycles, a highly reversible capacity of 103 mAh g-1 can be obtained. In addition to
the full utilization of graphitic and disordered structures in electrochemical reactions, the
emergence of a controlled and robust SEI layer would not only prevent the collapse of the
fragile porous structure, but also facilitate the transport of sodium ions and solvated
sodium ion species.
A CO2 thermal etching method was further employed to functionalize the pristine N330
carbon black. With the assistance of abundant ionic/electronic pathways and more active
sodium storage sites, the limited but homogeneous oxygenated functional groups would
enable the CBC13 carbon black to present an exceptional reversible capacity of 505 mAh
g-1 at 50 mA g-1. When cycled at 3200 mA g-1, the CBC13 carbon black would display a
superior rate capability of 250 mAh g-1 and a remarkable cycle stability of 176 mAg-1
over 1000 cycles. Apart from the similar roles of a thin and robust SEIL film, the
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oxygenated functionalities should be the basic factor for the improved electrochemical
properties.

9.1.2 Phosphorus-based materials
Phosphorus, known for a highest theoretical capacity (2596 mAh g-1) and a desirable
voltage plateau (0.1~0.6 V), has been challenged by a huge volume expansion/shrinkage
(292%) during the cycling and a poor electronic/ionic conductivity. Consequently, the red
phosphorus and the amorphous carbon blacks were combined via a conventional ballmilling method. As the conductive carbon matrix would effectively buffer the large
volume changes, the pristine P/C composite would deliver a highly reversible capacity of
1070 mAh g-1 at 400 mA g-1 after 200 cycles and a superior rate capability of 479 mAh g1

at 3200 mA g-1. But the storage of phosphorus electrodes in the ambient air would

inevitably lead to the degradation of the reversible capacity. Specifically, the increase of
the storing time in air would result in the accumulation of the surface passivation layer
and the loss of active phosphorus materials, as identified by the ex-situ XAS and XPS.
Although the cycle performance of an aged electrode could be enhanced for an improved
structural stability, the formation of these insulating surface passivation layers would
sacrifice the outstanding electrochemical properties of phosphorus anodes. Therefore, it is
desirable to prevent the physical contact between phosphorus-based electrodes and air by
a tailored coating or an ideal storage condition. Additionally, the FEC additive in the
electrolyte would facilitate the formation of a robust SEI film, which could suppress the
severe side reactions between electrolyte and active electrode surface.
Various binders, including a conventional PVDF and different aqueous binders, were
employed to optimize the electrochemical performances of P/C electrodes. The electrode
using sodium alginate as a binder could demonstrate a superior reversible capacity of
1064 mAh g-1 with a 90.1% capacity retention at 800 mA g-1 after 200 cycles, and an
outstanding rate capability of 401 mAh g-1 at 8000 mA g-1. Surprisingly, the highly
sensitive XAS and XPS uncovered the positive relationship between a passivation degree
of an electrode using certain binder and its electrochemical performance as well as the
capacity loss. Namely, the electrodes using SA, PAA, and CMC have the best
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electrochemical properties, while the electrodes using CHI and PEG binders displayed
better electrochemical performances than that of electrodes using PVP and PVDF
binders. Furthermore, the generation and the disappearance of the (PO2)3- and (PO4)3surface species can be observed through the ex-situ P K-edge XAS measurements for
different phosphorus electrodes.

9.2 Novelty and Contribution
In the previous chapters, various synergistic strategies were employed to boost the
electrochemical performances of anode materials, and several advanced characterization
techniques were applied to understand their physicochemical properties as well as the
reaction mechanisms. Therefore, it is necessary to specify the novelty and the
contribution of this doctoral dissertation on developing high-performance anode materials
for SIBs.

9.2.1 Novelty
Based on the structure of this thesis, the novelty can be expanded on the key targets of
anode materials for SIBs.
In terms of carbon-based anode materials, we are focusing on improving their reversible
capacities and rate capabilities. Considering the inadequacy of graphite anode on
reversibly intercalating sodium ions and forming thermodynamically stable graphite
intercalation compounds (GICs), most researchers have diverted their focus to disordered
carbon materials with large interlayer spacings and abundant sodium storage sites. In this
case, the sodium ions in carbonate-based electrolyte would initially intercalate into the
graphene layers of the turbostratic nanodomains and then fill the micropores through the
adsorptions. Since 2014, several groups revisited the graphite anodes in the ether-based
electrolytes and surprisingly found the improvements of electrochemical properties.
Additionally, the solvated sodium ion compounds in the ether-based electrolyte would
co-intercalate into the graphene layers via the formation of thermodynamically favorable
GICs. Very recently, the improved cycle stability and rate capability for a hard carbon
material with a typical disordered structure can be obtained in the ether-based electrolyte.
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As both graphitic and disordered structures in carbon materials can take advantage of the
solvent co-intercalation in the ether-based electrolyte, we are supposed to make most of
all accessible sodium storage sites by fully utilizing these regions.
In the first place, a commercial carbon black with both graphitic and disordered structures
was selected and tested in an ether-based electrolyte. The significantly increased capacity
and cycle performance as well as rate capability can be achieved. To explain the
electrochemical improvements, we further proposed a novel mechanism that the regular
sodium ions and the solvated sodium ion species insert into the disordered structure,
while the residual solvated compounds co-intercalate into the graphitic region. This
discovery provides a new route to promote the reversible capacity, the cycle stability, and
the rate capability for carbon anode materials.
Secondly, a series of porous carbon blacks with different physicochemical properties was
synthesized via a NH3-assisted thermal etching method. Based on a novel sodium storage
mechanism to fully utilize both graphitic and disordered structures, these porous carbon
blacks were further applied in an ether-based electrolyte. Critically, the importance of the
microporosity in carbon materials for SIBs has been uncovered by comparing their
electrochemical properties. This study not only extends the successful application of
ether-based electrolyte to porous carbon materials, but also reveals the crucial effects of
the suitable microporosity on the reactions of sodium storage.
Thirdly, a functionalized porous carbon black was prepared by a CO2-assisted thermal
etching process. Similarly, an ether-based electrolyte was also applied for a new series of
porous carbon blacks. Critically, the vitality of the surface functionalities in carbon
materials for SIBs was further revealed. This research exemplifies the practical utilization
of ether-based electrolytes for all kinds of carbon materials, and further uncovers the
significance of the desirable surface functionalities toward the high-performance carbon
anode materials.
Finally, the controllable formation and evolution of a robust and thin solid electrolyte
interphase (SEI) layer in the ether-based electrolyte were identified by the highly surfacesensitive X-ray absorption spectroscopies and electrochemical characterization
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measurements. On the contrary, the carbonate-based electrolyte induced a poor sodium
storage capability and an uncontrollable formation of a thick SEI layer. This finding
undoubtedly throws a light on the rational designs of electrode surface before and after
cycling.
When it comes to phosphorus, an extremely high theoretical capacity and a very desirable
charging voltage plateau make it become a most promising anode material for SIBs.
However, the electrochemical performances for phosphorus anode materials have been
weakened by the poor electrical conductivity and the large volume changes upon cycling.
To address these challenges, many research groups were devoted to combining the
insulative phosphorus with the highly conductive matrixes. While electrochemically
active and inactive metals were firstly utilized to improve the electrical/ionic conductivity
and the structural stability for phosphorus anode materials, the highly flexible carbon
materials were further employed to ameliorate the cycle performance and the rate
capability. The electrochemical performances for the most advanced phosphorus/carbon
anode materials have reached the high levels for SIBs, admittedly, but many
phosphorus/carbon electrodes with an identical composition obtained through a literally
same method, yielded strikingly different electrochemical properties. Therefore, it is
critical to understand the structural evolution and the phase transformation of phosphorus
in the fabrication of the electrodes.
Initially, the phosphorus/carbon composite was synthesized by a conventional ballmilling method. The physicochemical and electrochemical stabilities of the
phosphorus/carbon electrodes in the ambient air were systematically investigated. The
self-oxidation phenomenon for a phosphorus/carbon electrode would gradually produce a
thick/non-conductive phosphate layer on the surface and irreversibly lead to a rapid
capacity degradation. Although the cycle performance can be partially improved, the
close contact of a fresh phosphorus/carbon electrode with the air is detrimental for its
electrochemical application. This results directly point out the electrochemical detriment
of the self-oxidation and the practical importance of the surface protection for phosphorus
anode materials.
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Moreover, the effects of binders for phosphorus/carbon electrodes on the electrochemical
performances and the phase evolutions were also investigated. In the previous studies, the
binder has been supposed to affect the structural stability of anode materials with the
large volume changes. However, the binder was surprisingly found to determine the
oxidation degree of electrochemically active phosphorus in the electrode. Namely, the
binder selection would not only influence the structural stability upon cycling by the
binder flexibility, but also impact the oxidation and the preservation of electrochemically
active phosphorus during the electrode preparation. Additionally, the formation and the
decomposition of monovalent phosphorus and phosphate species can be observed during
the discharging and charging processes. This critical discovery emphasizes the pivotal
role of binders for phosphorus anode materials and provides another remarkable
explanation for their various electrochemical performances.

9.2.2 Contribution
The contribution of this doctoral work to the development of high-performance carbon
and phosphorus anode materials can be made by their outstanding electrochemical
performances, which are originated from the various synergistic strategies. Specially, the
specific capacity is calculated based on the weight of active material.

Table 9.1 Comparison of electrochemical performances for carbon anode materials.
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Table 9.2 Comparison of electrochemical performances for phosphorus anode
materials.
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9.3 Future Work
This doctoral work is devoted to fully utilizing the crystalline/disordered structures in
carbon materials and further understanding the phase evolution of phosphorus electrodes
in different conditions. Admittedly, both carbon materials and phosphorus/carbon
composite demonstrated the outstanding electrochemical performances, the applications
of ether-based electrolytes and the protections of phosphorus electrodes are insufficient.
The future work for carbon-based and phosphorus-based materials can be launched in the
following aspects.
As the ether-based electrolyte could enable the carbon materials to make the most of
graphitic and amorphous phases, it is hopeful to spread this strategy into applications of
various carbon anodes for SIBs. Because the hard carbon materials still dominate the
anode research, this route for an ether-based electrolyte would rapidly open the door of
using graphitic parts in carbon-based materials. The recent successful applications of
ether-based electrolytes in FeS2[40,41], MWCNT nanocomposites[42], nanocrystalline
anatase (TiO2)[43], tetragonal tungsten bronze framework(KNb2O5F)[44], urchin-like
CoSe2[45], and ZnS microspheres[46], also provide another possibility to promote the
electrochemical performances of general anodes. Furthermore, the Metal Organic
Frameworks (MOFs) with the tunable porosities/compositions and the three-dimensional
structures could act as appealing precursors for the functional porous carbon anodes.
Moreover, the heteroatom doping for carbon materials would create more active sodium
ion storage sites. The effective combination of the functional porous carbon materials
with the ether-based electrolyte would pave a new way toward high-performance anode
materials. Finally, the phase transformation and the structure evolution should be
observed through the in-situ spectroscopic techniques.
Considering the huge volume variations in the multi-electron electrochemical reactions, it
is well recognized the effective combinations between the nanostructured alloy-type
anodes with the advanced conductive materials, could not only buffer the large volume
changes for an enhanced cycle stability, but also enrich the ionic/electronic pathways for
a better rate capability. The highly porous and functional carbon materials, including
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CNTs and graphene with the rational heteroatom doping, are promising conductive
matrixes to accommodate the structural evolutions. Simultaneously, the protection of
phosphorus electrodes would not only inhibit the surface passivation and the loss of
active phosphorus materials, but also stabilize the electrode structure upon cycling.
Specifically, the atomic layer deposition (ALD) and the molecular layer deposition
(MLD), possessing a tunable coating capability towards the optimal nanoscale thickness
and the uniformity as well as the conformity, could be powerful techniques to modify the
structures of phosphorus anodes for the improved electrochemical properties. Moreover,
a vaporization/adsorption strategy inspired by the melt-diffusion synthesis of S/C
composites in Li-S batteries has been developed to introduce the sublimed phosphorus
into the porous and conductive carbon structures. This facile and scalable method directly
transforms the problem of synthesizing the P-based composites into the development of
the highly porous and conductive hosts for phosphorus storage. It is desirable to know the
confining ability of the mesoporous and microporous carbon materials for phosphorus
vapor.
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